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during the period covered by this progress report, research efforts under
our integrated multi-campus study have continued to be concentrated on
California ' s water resources along the lines set forth, at NASA ' s request,
in our statement of 30 September, 1973. The block diagram of Figure 1-1
provides a good overview of both the concept embodied in this integrated
study and the various components of it. As indicated by that figure,
our integrated study of California ' s water resources continues to
concern itself primarily with the usefulness of remote sensing in relation
to two categories of problems: (1) those pertaining to water supply
(dealt with primarily by personnel of the Davis and Berkeley campuses as
reported upon in Chapter 2a and 2b, respectively); and (2) those
pertaining to water demand (dealt with primarily by personnel of the
Santa Barbara and Riverside campuses as reported upon in Chapters 3 and 4,
respectively).
Opportunities which we are exploiting to the fullest in our attempt
to achieve true integration of this multi -campus project stem from the
following fact that repeatedly manifests itself: many of the techniques
and methodologies developed by those of our group who are concerned with
water supply problems can, with only slight modification, be used by those
of us who are concerned with water demand problems, and vice versa. Examples
can be found of this in three major areas of the work dealing with water
supply problems, as reported upon in Chapter 2a by Dr. Algazi et al of the
Davis campus, viz. those dealing respectively with ( 1) sensitivity analyses
of watershed models, ( 2) acquisition of hydrologic parameters by remote
sensing, and (3) basic studies of signal processing algorithms pertinent
to remote sensing applications. Reciprocally, this same inter-relationship
also applies with reference to two aspects of the work dealing with water
demand problems, as reported upon by Estes et al in Chapter 3, viz. those
dealing with ( 1) assessment of the semi -operational use of remote sensing
in relation to a water demand model, and (2) cost-effectiveness comparisons
of remote sensing vs. conventional methods of acquiring water demand
information. Further evidence of the integration of water supply and water
demand aspects of our study is found in the work reported upon in Chapter 4
by Bowden et al of the Riverside campus. Although the bulk of the work
of that group deals with remote sensing as an aid in water demand assess-
ment, they state that water supply considerations can have far-reaching
implications in ti.; economic, social and geographic sectors. This is a
doubly important consideration because, on the one hand, imported water
serves, for the most part as the economic life-blood of the region in
that it is vitally needed for both agricultural and domestic purposes.
On the other hand Southern California has a large though inadequate water
supply of its own. As these investigators aptly state in Chapter 3, "the
relationship of these two water supply sources affects the quality of
life and to some - extent the food supply of this highly populous area".
As will be evident from a reading of Chapter 5, our Social Sciences
Group also contributes greatly to the integration of our multi-campus
study. That group asserts: "With the California Water Project as our
^a
j
WATER SUPPLY CONSIDERATION S
^E:.; , , 4 EMEtiT	 FACTbAS	 MOOEL FOR
TECnhIQUES	 TO BE	 ESTIMATING
AVAILABLE	 MEASURED	 WATER SUPPLY
Remote Sensing	 A Met"oro'09'd711Techni uas
	
Factors
M,Itiband	 S?recipitation
Multidate	 snow
Muttistage	 rain	 i
Multi-	 season of	 I
Polarization	 occurrence
Multi-	 Temperature
Enhancement
	
Humidity
Wind	 (Model
Is still
To or-
Developed)
'.	 Other	 Watershed
Techni ues	 J Factors
erect	 eo ogy
! on-Site	 Solis
measurement;	 Vegetation
Use of	 Topography
Historical
	
Slope
Data	 Aspect
	
r	 ...,	 7 r ^=mJ rte., ._ ^^'7 ^ ^ ^
	WA ER TRANSPORT	 I	 WATER DEMAND CONSIDERATIONS
1
	W 	 WATER	 WATER	 MODEL FOR	 FACTORS	 MEASUREMENT
	
SUPPLY	 TRaIISPORT	 USE	 ESTIMATIK	 TO BE	 TECHNIQUES
	
EST!MATE
	
ESTIMATE	 EST IMi.c	 WATER DEMAND	 MEASURED	 AVAILABLE
	
User	 IRemote Sensing
Prediction of	 Model For	 Prediction of	 Factors	 Techni ucs
Water that is
	
Estimating	 Water That	 Agricuitura Needs	 MuI,ibana
-.	
Available	 Water to be	 Users Want	 " ^(	 Industrial Heeds	 "I tidate
for Transport	 Transported	 Transported	 I	 Domestic Needs	 Multistage
	
It
	Geographic
	 Multi-
	
in terms
	 In terms
	 in terms
	 I	 Location	 Polarization
	
of	 of	 of
	
Quantity	 Quantity	 Quantity	 Multi-
	
Quality	 Quality	 Quality
	
Users	 Enhancement
(Model
	
Seasonal	 Seasonal	 Seasonal	 is stilt
Characteristics	 Characteristics	 Characteristics	 To Be
	
Storage	 Transport	 Distribution
	
and
	
Costs	 Costs and	
aevelopedl
	
Release	 Revenues	
tier	 tier
	
(To Be Developed)	 Factors	 Techniques
C ts Legal Considerations
	 Dirctt
Regulatory Measures
	
On-Siter
otia-Econom^e Stuies ocio-Econom_c_5tudics 5oCio-Ecnflmic Studies 	 Commitments Cu	 Measurement;
	
Impact o Using	 Impact o Using	 Impact o Using	
Specific Users	 Use of
	
Remote Sensing	 Remote Sensing	 ilen,ote Sensing	
Mechanism far	 Historical
	
Techniques in	 Techniques in	 Techniques in	
EPer U it i Vo Price
	 Duta
	
Water Supply
	
Water Transport	 Water Use	
Per Uni[ Volume
Problems	 Problems	 Problems
Model for Estimating
Overall Impact of Using
Remote Sensing Techniques
in Water Supply, Transport
and Use Problems
(To Be Developed)
^a
i3s H'`^
c,
rJ
Social. Political. Cull
FIGURE 1.1
	 BIOCK diagram indicating the factors which relate to water supply, water transport, water
use and water Impact. For a discussion of the proposed remote sensing studies in relation to this
diagram, see text.
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primary, but not exclusive, focus, we try to develop insights into the
very complicated web of factors impinging on the management of resources
in order to learn how new sources of information can be accomodated, by
whom, and for what purpose. It is patently clear that these decisions
do not take place in a technological, economic, political and social
vacuum; decisions regarding resources take place in a real-life, rapidly
changing environment. Our task is, therefore, to map the social
landscape, the better to learn where, how, and to what effect new sources
of information can prove their mettle."
In recent years it has become increasingly apparent to our project's
remote sensing scientists that a lack of "technology acceptance" by
resource managers and others very often constituted a major deterrent to
the achieving of something of practical value from our research. It
therefore became apparent that the most significant of our own findings
should be integrated with those of our remote sensing colleagues elsewhere,
preferably through the publication of some kind of definitive remote
sensing "manual". We all recognized that if such a document, well
illustrated, were to be prepared under auspices of some professional group
of high repute, (such as the American Society of Photogrammetry), and
made quite generally available in highly comprehensible i:orm, much would
be done to achieve the necessary technology acceptance.
Such an effort also would do much to stem the criticism that we
sometimes have heard to the effect that many of our NASA-funded research
findings remained buried in progress reports, never to be seen by resource
managers and other potential users of modern remotesensing technology.
Pursuant to this thought, we will conclude this introductory chapter
by inviting attention to the unusually substantial contribution which
those involved in our integrated study have been making to the "Manual of
Remote Sensing" which has just been published under auspices of the
American Society of Photogrammetry. Collectively speaking, our contribu-
tion to this first definitive and authoritative treatment of remote sensing
ranges from co-editorship of the entire Manual, through authorship of
its introductory chapter and co-authorship of several other chapters, to
the menial tasks of providing large amounts of illustrative material and
of proof-reading manuscripts. Now that the Manual has been published, it
should be apparent to any interested reader, as it now is to us, that
our findings to date under this integrated study provide some of the most
compelling evidence, both qualitative and quantitative, for the adoption
by resource managers of modern remote sensing techniques.
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CHAPTER 2(a)
Co--Investigator: R. Algazi.
Contributors: M. Suk, A. Bhumiratana, J. Stewart,
u	 B. Romberger, K. Illis, G. Ford, R. Eid
2a.0 Introduction
{	 In the past two years, the -research conducted under this grant has
a	 been focused on the application of remote sensing techniques to water resources.
Oiir group has given special attention to problems germane to the supply of
water in California, to the implementation and analysis of hydrologic models
and to the determination by remote sensing of some of the physical parameters
}r	 which characterize the state of the watershed and the evaluation of the
snowpac}.. In addition to our performing this systems engineering and modeling
work we have continued our technical work, as digital signal processing,
funded in a significant part by the National Science Foundation. We report
here on our work in the past year and principally since our May 1975 Annual
Report. Significant results have been obtained in the following areas.
A. Implementation and sensitivity analysis of some watershed models
amenable to remote sensing inputs.
B. Acquisition of hydrologic parameters by satellite remote sensing.
C. Basic studies of signal processing algorithms pertinent to
remote sensing applications.
To facilitate the reading and understanding of this report, we have
used appendices for lengthy and self-contained studies. This allows proper
emphasis in the body of the report on the significance and use of these
results for the objectives of the grant.
2a.1 Implementation And Sensitivity Analysis of Hydrologic Models
We have undertaken in the past year a study of various watershed
models which are used operationally or which are given most serious considera-
tion in technical literature.
We started our work with a study of the technical literature, and of
reports on work done or applications of remote sensing to hydrology.* From
this work, it became appar--it that the work most germane to our interest was
that of Ambaruch and Simmons (1) on the use of remote sensing in the Kentucky
See a discussion of hydrologic models in the May 1975 Report.
I^
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A comprehensive discussion of our results is presented in Appendix A.
These results are still tentative and will require some additional effort
to put them in a useful and easily readable form. We expect to be able
to achieve this objective by May, 1976.
To indicate the nature of our result we summarize briefly here some
	 r:
o. our findings.
ANALYSIS: Behavior of Model: We found that the dynamics of the model and
the weather of California lead to four regimes denoted as Winter, Spring,
Summer, Fall. For each regime we get: a) Simpler Behavior of the Model; b)
Insensitivity to Some Parameters.
PERFORMANCE INDICES: We are considering different indices which correspond
to different uses of the hydrologic model: Peak Daily Runoff, Storm Volu-
metric Runoff, Monthly Volume Runoff, Low Flow. 	
E
PARAMETERS STUDIED: We have considered dynamic parameters or inputs which
are measured or estimated daily or seasonally. These parameters are
Precipitation (PCPTM) which includes the effect of rainfall and snowmelt
and Evapotranspiration (ED). We have also studied the sensitivity of the
Performance Indices to the change of some model parameters such as the
Lower Zone and the Upper Zone Tension Water Capacity (LZTWM and UZTWM), the
percent of the watershed in impervious area (PCTIM) and the percent of the
watershed in riparian vegetation, streams and lakes (SARVA).
SENSITIVITY: For one of the performance indices, monthly runoff, the
sensitivity of the model to the parameters studied is summarized in Table 1.
This table shows, for each of the regimes of the model, the variation in
monthly runoff resulting from a variation of one of the parameters studied.
To illustrate the use of these sensitivity results, consider the effect of
PCPTM during the Spring regime, in which the sensitivity S is about 1. PCPTM
is then the combined effect of rainfall and snowmelt. A 10% variation in
this parameter will result in a 10% variation in the monthly runoff forecasted
	
^-L
by the model. By contrast the same 10% variation in PCPTM during the Fall
regime may result in a 40% change in monthly runoff (sensitivity as high as 4).
The situation is in general more involved than is indicated in Table 1
and more details are given in Appendix A.
Still, we can obtain from Table 1 some information as to the critical
	
z
parameters to be acquired by remote sensing and also as to their timing.
For the forecasting of monthly runoff, there are two factors (PCPTM at
all times of the year, and EVAPT, principally for the Spring regime), which
are the most pertinent. Since snowmelt contributes to PCFTM, the forecast
of snowmelt also has a special importance.
More definite conclusions of this study will be presented in the
annual report.
4.w
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2a.2 Determination of Parameters Pertinent to Hydrologic Models from
Satellite Data --- 	 -
2a.2.1 Introduction
We have concentrated our work to date on parameters which are most
pertinent to snow hydrology.
A substantial number of studies on the areal mappi'ag of snow using
remote sensing have been undertaken in the past few years (2, 3, 4) which
have evolved into a handbook of techniques for satellite snow mapping (5)
sponsored by NASA. These techniques are being used quasi-operationally
in several regions of the United States and in particular by the
California Cooperative Snow Survey Program of the Department of Water
Resources.
We note that most of the physical basis for snow ablation has been
understood and modeled for a number of years (6).
On the basis of all the information available, the following physical
qualities appear of prime interest in the modeling of basinwide snowmelt:
the temperature, albedo, topography, areal extent of snow, spatial
distribution of precipitation, P.nd snowcover. Further, it is well known
that these parameters vary substantially across the snow-covered area
and change fairly rapidly with time. On that basis we have undertaken
a study to incorporate satellite data into a physically based, distributed
model of snowmelt in runoff prediction. We have obtained some partial
technical results.
2a.2.2 Data Gathering and Correction
Since the snowpack evolves quite rapidly it appeared to us from the
start that we needed in our work the frequency of coverage provided by the
NOAA-3 and -4 satellites. Further, at this time, only the NOAA satellites
provide data in a thermal IR band as well as in a visible band. We thus
proceeded to gather all usable data collected by the NOAA-3 or NOAA-4
satellites over California, in both the visible and the thermal infrared
spectral regions, from April 1, 1975 to July 8, 1975. More than 20 dates
are available, corresponding to more than 40 digital tapes, recorded by
NOAH at 1600 bits per inch (BPI). Our task involved converting the 1600
bits per inch digital tapes to 800 bits per inch, then extracting the
needed information. This data extraction must be carefully done so that
the corresponding visible and thermal images are in registration. To
ensure this, we first align the corresponding images as closely .i ,)ossible
by eye; then we select a portion of the image which has sharp contrast,
such as the coastline around the bay, and compute the cross-correlation
over these corresponding regions. The maximum cross-correlation determines
the amount of translation required. It appears that we can bring the
registration to within + one pixel both horizontally and vertically.
17 2a-3
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An attempt also was made to align images for different days, but due
to the order of distortion of the image which is different for each day, the
best we could hope for was to be able to extract data for the same
general region of California for all dates. This could be improved if a
geometric correction of the data were to be made before an extraction.
Thus, we needed some procedure for geometric correction.
2a.2.2.1 Geometric Correction
Because of the highly distorted view of the earth provided by the
NOAA satellites and to a lesser extent by the LANDSAT satellites,
geometric correction of the data is mandatory. This geometric correction
is needed for one of two purposes. The first is to obtain satellite
data for a ground truth station. The second is to transform satellite data
into map compatible data. For both purposes we have made use of a least
squares fitting program using biquadratic fitting polynomials. At least
six ground control points are needed for this geometric correction.
Because of the difficulty of locating land features on NOAA-3 or NOAA-4
images one has to use an area at least as large as the state of California
in the correction procedure. At this time we have residual geometric
errors of the order of 2 pixels. These residual errors result in a
fundamental limitation on the fineness of the distributed model which can
be developed.
2a.2.3 Radiometric Calibration and Correction
NOAA has provided a calibration procedure for converting numerical
values or counts, provided on digital tape, into temperature, as recorded
by the satellite. This procedure involves converting count into voltage
then voltage into temperature. It requires the use of information on
the tapeheader (space view average, voltage wedge, etc.). Unfortunately,
the tapes we received from the NOAA-NESS satellite field receiving station
in Redwood City contained an error in the valuable tapeheader; thus NOAA's
calibration procedure lead us to an unreliable result. With information
fror:: other receiving stations, we learned that the error occurs only in the
voltage wedges, and that the conversion of voltage to temperature is fairly 	 t
uniform for different lines and different dates. We have spent a large
amount of time and effort in trying to correct these errors and after a
number of false starts have finally developed a technique which produces
useful results. The space view average count-to-voltage correspon6ence which 	 -'
may need to be provided in the data, was missing. By assuming a constant
count for the space view average which corresponds to 5.8 volts, and that
the faulty voltage wedge still indicates the true slope between count and
voltage, we can estimate the true voltage wedge. The result appears to
give a calibration procedure within + 1 count. Therefore, NOAA's calibra-
tion procedure can be used to convert the count into temperature.
z
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The limb darkening correction is a deterministic data correction
nv	 for atmospheric effects. As the nadir angle of the satellite sensors
varies during a scan line, the effects of the atmosphere will also
change. In the thermal band the correction needed is discussed by
Smith et al (7) and we used a semiempirical formula also used ty
Stevenson and Miller (8).
..	 AT (-26.81 + 0.107T)e0.00012s 2
in which AT is the correction to the recorded temperature T(O K) and
is the nadir angle (*are). For nadir angles of ~ less than 30°, the
angular correction is of second order. Random radiometer errors and
banding or stripping errors are also present in the data. We have
developed a two dimensional filtering program which substantially reduces
these errors. These errors are severe only for thermal infrared data
acquired by NOAA--4.
2a.2.4 Estimation of Temperature Fields by Remote Sensing
To assess the accuracy of the temperature recorded in the thermal
IR by the NOAH-3 and NOAH-4 satellites we have used temperature data from
the National Weather Service, National Climatic Center, at a number of
high quality, first order stations in California. The air temperature ob-
tained at any station is fairly weakly correlated with sensed temperature.
The water temperature data that we were able to use in our geographic area
of interest was obtained at Lake Tahoe, Lake Oroville, Lake Berryessa,
Suisun Bay, the Delta region and Folsom Lake. Using the temperature data
of these bodies of water, we have done a preliminary determination of the
correlation of satellite recorded temperature with ground truth. By
extracting the satellite data pertinent to each station's data, and
applying calibration procedures described above, we generated the 15 data
points shown in Figure 1. In addition to the 6 stations mentioned earlier,
we also made use of snow edge temperature which was assumed to be 0° C.
Assuming that brightness is an indicator of snow, we used a particular count
in a visible band to mask out nonsnow areas and display the temperature of
the "snow" region in pseudo color as shown in Fig. 2. If the 0 0 level
is also an indicator of snow, we can, in a particular count in the thermal
band, mask out the domain above 0° C. We have done this over the "snow"
domain of Fig. 2 and have obtained the psuedo color image shown in Figure 3;
there is some discrepancy since the txo figures do not coincide. The
discrepancy appears around the edge of the "snow" region with the variation
of the IR count of as much as 10 counts and thus a temperature variation of
up to 5°C. Further study i -^ underway to find reasons for this observed
effect.
11+^
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12a.2.5 Estimation of Snow Pack Albedo
Several questions are of interest in the use of remote sensing for
the estimation of albedo. First, we note that the albedo is the fraction
of incident energy reflected by the snow. Since satellite sensors
measure the energy reflected in narrow spectral bands, it is not clear
that any single band in the visible wavelength mange or in the near-
infrared is a good indicator of albedo. Some experimental results have
been presented by O'Brien and Munis on the red and near-infrared spectral
reflectance of snow (9). Their results indicate that the spectral 	 i
reflectance scales down in a fairly uniform way across the wavelength
range in the near-infrared but that this many not hold in the visible
spectrum.
To proceed with a study of brightness values recorded by a satellite
and their correlation with albedo values, we need ground truth on the
albedo measured at ground stations.
To our knowledge, the only location in the Sierra Nevada where albedo
is recorded is at the Central Sierra Snow Laboratory (CSSL) in Norden,
California.	 The laborator=y is in a clearing a few hundred feet wide in a
forested area.	 Thus, the CSSL can be fairly precisely located on LANDSAT
data but not on NOAA-3 and NOAA--4 images which have a resolution of 0.9km.
A preliminary comparison of known albedo with the digital values recorded in
the visible band by the NOAA-3 satellite indicate a very low correlation,
if any, between the albedo and the recorded brightness. 	 This lack of
correlation may be due to the specifics of the location of the Central
Sierra Snow Laboratory mentioned, with additional errors in obtaining the
proper remote sensing data for the laboratory since geometric correction {
of the data is required.	 At this tame, LANDSAT data are not available at f
suitable dates to allow the observatio.i of curves such 'as shown in
Figure 1.	 We are planning to use the infrequent LANDSAT data for a
statistical correlation with albedo ground truth at CSSL, 	 On the basis
of the results of O'Brien and Munis (9), we expect that LANDSAT spectral
band 7 may be a good indicator of albedo. i
i
To pursue studies with NOAA--3 data in the visible range, we considered 1
the evolution of albedo with time. 	 Knowing that the albedo is generally
quite high for new fallen snow and decreases fairly rapidly after a snow
storm, we shall study the dynamic behavior of the counts in the visible
band across the snow for a specific location for successive days. 	 We
shall mention the albedo curves based on a study made at the Central Serra
Snow Laboratory by the Corps of Engineers (6). 	 These curves are shown in !
Figure 4.	 We also show in Figure 4 experimental values obtained at the
Central Sierra Snow Laboratory during January 1975. 	 The trend of the
experimental curve matches well the standard curve proposed, but the
absolute values are significantly in error. -
2a-8
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Another possible use of remote sensing data in the study of albedo is
to consider the spatial variation of reflectance across the snow pack
_	
as an indicator of variation in albedo. By analyzing the brightness
values recorded by the NOAA-3 satellite in the visible spectrum we find
in all cases that brightness covers a broad range of values across the
snowpack. Since the reflectance of snow is similar for source-detector
angles ranging from 0 to 30 0 (9), it seems that the variation in brightness
in non-forested areas must be attributed mainly to differences in the
evolution of snowpack with elevation, temperature, etc.
We shall proceed with our investigation by combining remote sensing
data during the snow season with other data on relief and vegetation
cover. Additional ground truth information on albedo is needed for con-
tinuation of our work.
2a.2.6 Monitoring the Areal Extent of the Snow
Within the context of our interest in developing data for a distributed
model of snowpack evolution, this specific task is not of prime importance.
We anticipate that instead of being a prime input to a model, the variation
of areal extent with time will be used to check that the model is working
satisfactorily. We have undertaken two investigations on areal extent
determination. The first one is to compare the areal extent as determined
from LANDSAT data to the same values obtained from a NOAA satellite's
visible data. Results showing fairly close agreement between the values
obtained from the two sources of data have been reported by Wiesnet and
McGinnis (10). We are using classification algorithms and digital data
rather than outlining the snowline images. We do not have yet enough
comparable data from both satellite systems to derive definite conclusions.
Another related question is the determination of the snow areal extent
on a daily basis (when possible) from NOAA satellite data. In particular,
we are concerned with the snow areal extent of some watersheds. By
mapping a watershed onto the NOAA image and determining snow and non-snow
regions with appropriate geometric correction, we can compute the percentage
of snow areal extent in that watershed. Since a number of data correction
steps are needed in such a procedure, we shall generate a "noisy" time
series for snow areal extent. Since we expect, on physical grounds,
a smoith variation of snow areal extent with time we can use data filtering
techniques to improve the estimate on any given date.
2a.3 DIGITAL IMAGE PROCESSING TECHNIQUES DEVELOPMENT
Our efforts in the specific technical field of digital processing
have followed two parallel goals: to pursue vigorously the specific areas
of work in which we feel we can make a valuable contritution-and to
incorporate into our facility and software the algorithms and techniques
developed by otheis which seem to have most merit in applications.
2a-9
-- --------
I
i
jE
1	 __
E ^^
rj
:E
u u
}
90
80 1
70
ca
m
-^ 60 -
50
40
0
x
(Before Jan. 31)
Corps. F Enginee
Curves
(February)
(After Mar. 1)
10	 20
DAYS AFTER SNOW STORM
Figure 4: Evolution of Albcdo
2a-I0
2a.3.1	 Spectral--Spatial Combination of Multispectral Data
Because of the high correlation both spectrally and spatially in the
LANDSAT-1 data, it seems possible to achieve at the same time, several of
^.1 the following objectives.
1.	 Improvements of the quality of the data by reduction of the noise
due to errors and coarse quantization.
2.	 Efficient representation of the data either for transmission
(encoding) or for further processing. 	 It appears probable that this
capability can be achieved without any loss in, and possibly with a
net improvement of, data quality.
3.	 Presentation of the information provided by sensors in a more
interpretable form.	 This is related to our work in image enhancement.
4.	 Significant increase in the speed of processing for enhancement
or classification. 	 This capability depends upon the choice of
linear combination with fast algorithms.
3
5.	 Utilization and combination of the data provided by several
satellites.	 This area of work is of growing importance with the
successive launches of new LANDSAT and meteorologic satellites. 	 It
++ is of specific importance to us because of cur use of low resolution
NOAA data for temperature information.
2x.3.2 Geometric Correction
We have implemented some single geometric correction algorithms. We
are planning to assess the . range of applications for.which this level of
correction is adequate. We are also working on some subpixel processing
algorithms which bear on the problem of radiometric degradation
resulting from sophisticated geometric correction of the data. Some
preliminary algorithms are routinely used. Additional algorithms are
being developed.
2a.3.3 Subpixel Processing
In some applicat ions, notably the quantitative determination of water
surfaces, it is desirable to incorporate subpixel information. For
advanced geometric correction, it is also desirable to interpolate between
pixels. A systematic approach to the design of efficient filters
and algorithms for that problem has been undertaken by a Ph.D. sti7dent,
Minsoo-Suk, with partial support of the grant. A paper on basic design
considerations has been published in the IEEE Transactions on Circuits
and Systems (reprint is included as an appendix). Both fundamental and
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applied work in this area will be continued. In particular, the work by
May (11) presented at the 3rd ERTS Symposium, will be examined in the
light of the fundamental limitations discussed in our work.
This work takes special significance in the applications (mentioned
in Section III) which use low resolution data such as the NOAA satellites.
2a.3.4 Noise Removal
In our work with NOAH-3 and NOAA--4 we have encountered difficulties
with the quality of the data. NOAA is quite concerned with this problem
which limits the usefulness of the data, principally in the thermal infrared.
Using our previous experience on noise stripping in the LANDSAT-1
satellite, we have been able to reduce this noise by digital processing.
We have developed, in the past several years, a family of noise removal
and data correction algorithms for satellite data. A comprehensive
discussion and review of this work will be prepared for publication in
the next year as time permits.
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Watershed Model. The work of Ambaruch an3 Simmons suggested that a quanti-
tative assessment of the potential of remote sensing inputs of a watershed
model should begin with a study of the sensitivity of the model to inputs
and parameters. Although hydrologists have, from experience, a good
feeling for the ir,iportance of various parameters, a quantitative sensitivity
analysis would be of significant interest.
We proceeded with an analysis of the Sacramento River Forecast Center
4.:	 (RFC) hydrologic model and it became quickly apparent that such work
cannot be carried out analytically. The reason for this is that hydrologic
77	 models such as the Sacramento RFC model are only partly analytical. Some
of the parameters are actually determined by computer optimization during
a calibration phase. This type of optimization consists of the computer
determination of unknown parameters of a model so that the output of the
model approximates physical outputs in an optimum fashion, according to
some objective function or approximation measure.
Since May 1975, wu have implemented the Sacramento RFC hydrologic
model on the Davis computers. This model has been made available to us by.
Burnash and Ferral, Hydrologists with the Sacramento RFC, who developed
the model and have been using it for several watersheds in California.
The Sacramento RFC model consists of a main program, also called the
soil moisture model and a snow submodel which generates equivalent preci-
pitation for the snowmelt, which is used in the main program. We have
implemented the soil moisture program and have available historic data
from 1962-69 for the middle fork of the Feather River.
Keeping in mind that our ultimate objective is -to determine the use
in this hydrologic model of parameters acquired by satellite remote sensing,
the specific objectives of our work are as follows:
1. Analysis of the model: To achieve, by simulation and analytic
study. same insight into the behavior of the hydrologic model.
Generally, this results in a simplified description of the
behavior of the model tw.der specific climatic or seasonal
conditions.
2. Sensitivity Study: To study the effect of changes in the dynamic
inputs and model parameters on the runoff forecasted by the
model. By focusing specifically on parameters which may be
determined by remote sensing, to provide critical information on
the parameters to be measured, their expected effect on the
forecast, and the time at which they should be measured.
S. Simulation: To use parameters actually acquired by remote sensing
in the operational model and to observe the exact effect that
these new acquisition techniques have on the runoff forecasted.
Parts 1 and 2 above are nearly completed for the soil moisture
model.
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TABLE 1, SUMMARY OF SENSITIVITY (MONTHLY RUNOFF)
MODEL REGIME
FALL WINTER SPRING SUMMER
ED < ,2 =2 .65 .2
CARRY OVER CARRY OVER UP
TO 6 MONTHS
PCPT AS HIGH AS 4, CARRY INTERMEDIATE. N,A,
OVER, FUNCTION OF BETWEEN INDEPENDENT
RAINFALL FALL AND SPRING OF RAINFALL
LZTWM . 2 . 3 : 15
FUNCTION OF
RAINFALL
UZTWM HIGHEST IN NOV.t 1, 8 USUALLY _	 , 115 <	 .5
FUNCT, OF RAINFALL
PCTIM < <4 015 1 ^ ,1
SARVA 115 ,025 < ,025 ,4
*SENSITIVITY, S = CHANGEI N QUTPUT% CHANGE IN PARAMETER
r	 i
I	 I	 I	 I	 !
APPENDIX A: SENSITIVITY ANALYSIS OF THE SACRAMENTO RFC MODEL
In accordance with the agreement between personnel of the university
of California who are funded under the NASA Grant and Mr. Burnash of the
National Weather Service in Sacramento on the use of the River Forecast
model, we have been able to implement this model on the compus computer
at Davis.
The purpose of our work with the Sacramento RFC model was twofold.
1. To study the sensitivity of the model to the primary parameters
of the model for the specific conditions which exist in the
Sierra Nevada.
2. To simulate the effect of parameters estimated by Remote
Sensing on the operation of the model.
The interest of sensitivity analysis in hydrologic modeling is well
documented and is of use-in all phases of the modeling process: model
formation, model calibration and model verification. Our objective was to
rank variables and parameters in an order of relative importance, based on
the intended hydrologic use of the model.
The RFC model consists of a soil moisture model and a snow submodel.
At this time, the main program of the soil moisture model for the Middle
Fork of the Feather River has been implemented on the campus computer. the
are using in our study the 8 years of historical records on precipitation
and runoff available for that watershed.
1. DESCRIPTION OF THE MODEL - MODEL DYNAMICS
A description of the Sacramento RFC hydrologic model has been written
by Burnash, Ferral and McGuire [1] . As we proceed in our analysis of this
model we need a quantitative assessment of the dynamics of the model to
guide the choice of suitable simplifications and approximations and the
interpretation of the results obtained. We shall thus give an overview
of the RFC hydrologic model borrowing key elements from available documents.
Based on this brief overview and on our experience with the operation of the
model, we will then comment on the "time constants" of each part of the
model. These time constants indicate how rapidly we expect parts of the
model to respond to changes in precipitation and in other seasonal effects.
Physical Elements of a Watershed: Rainfall occurring over the basin
is considered as falling on two basic areas: 1) A permeab pot , tion of
the soil mantle, 2) a portion of the mantle covered by sti5ams, lakes, etc.,
and other impervious material directly linked to the stream flow network.
The permeable area produces runoff when the rainfall rate is heavy enough,
while the impervious area produces runoff from any rain. For the middle
fork of the Feather River the impervious area represents about 2% of the
basin. The permeable portion of the basin is visualized as consisting
of an upper and a lower zone. The upper zone is in turn modeled by two
water storage bins, one accounting for water bound to soil particles and
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intercepted by plants and trees, and one accounting for the storage of
free water. The first of these bins contains what is called the upper
zone tension water (UZTW), and it must be completely full before any
water can seep through to any of the other water storages. The water
stored in this bin co:.tributes to evapotranspiration, and therefore
has a time constant which depends on the time of the year; for a spring
month, this constant is of around one month.
Once the upper zone tension water requircments have been met, any
excess water is directed to the second storage compartment; the water
stored here is free to move, and does so, producing interflow (lateral
movement) and percolation (downward), with percolation accounting for
most of the use of the upper zone tension water.
Percolation, the mechanism by which water from the upper zone is
transferred to the lower zone, is very much a function of the moisture
in the soil, and so the rate at which it takes place can vary widely,
making the time constant of water stored as free water in the upper zone
range anywhere from about 1 hoar to a day.
The lower zone consists of 3 water storages; the first of these
stores tension water which is used for transpiration purposes only, and
has as a result a time constant of approximately 3 months in the spring.
In contrast with the upper zone, a portion of the percolated water
is stored as free water even if the lower zone tension water requirements
have not been met. Once those requirements are met, all excess percolated
water is assigned to the two free water storages; these two storages
fill up at different rates depending on the particular water needs of
each of them and drain at considerably different rates giving rise to
basefClow, thus accounting for the recession portion of the hydrograph.
Time constant for the supplementary free water storage is approximately
10 days, and for primary water storage is about 4 months. Primary water
storage provides almost the entire streamflow during the summer.
A very small fraction of the free water stored in the lower zone is
lost in the form of subsurface overflow.
For a given day, the sum of all runoff components except base
flow is processed by the unitgraph (with appropriate initial conditions),
and the result of this is added to the base flow component. This essen-
tially, except for a very small loss term due to water evaporated from
that fraction of the basin covered by water, is what constitutes the
streamflow for the day.
Figure A-1 taken from Ell shows a diagram of the parts of the model
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II. PA" METERS OF THE MODEL
A quantitative analysis of the hydrologic model represented in
Figure A-1 requires the knowledge of the parameters of the model. In
order to specify the model a basin or subbasin is modeled as spatially
lumped. Thus, for instance, the upper zone tension water storage of
a basin is characterized by two numbers, its capacity, i.e. the maximum
water content possible, and the actual water content in upper zone tension
water. Calibration of the model requires determination of the capacity
(a characteristic of the watershed)_and in operation the model updates
the content daily. Most other parameters may also be classified
either as model parameters, which are characteristic of the watershed
and which are detarmined once and for all in a calibration phase, and
as dynamic parameters, which are either measured or estimated or computed
and updated internally during the operation of the hydrologic model.
Most parameters used in the Sacramento RFC model are defined in Table 1.
They can be classified as follows:
Model Parameters (characterize the watershed)
1. (unit hydrograph, SARVA, PCTIM)
2. Capacities: UZTWM	 UZFWM
LZTWM	 LZFWPM	 LZFWSM
Dynamic Parameters (daily or seasonal change)
1. EVAPT: Evapotranspiration Potential (monthly estimate)
2. Contents: (Daily Update) UZTWG 	 UZFWC
LZTWC	 LZFWPC	 LZTWSC
Inputs: Precip. (S stations) (Daily, in the form of rain or snowmelt)
Outputs: Daily Runoff
The determination of the model parameters is done in a calibration
phase, which requires currently many years of detailed historical record.
Thus a possible application for remote sensing is to provide an alternate
methodology for a, c ,)nveni.ent determination of these model parameters.
However, in the ok2 ational use of the hydrologic model, the model parameters
have betn determined. Thus only the dynamic parameters and the inputs can
be used to modify the daily runoff forecast by the model.
We show, in Figure A-2, a typical output of the hydrologic model
obtained during the calibration period. We observe some discrepancy
between the observed runoff of the middle fork of the Feather River and
the runoff forecasted by the model.
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1	 Table	 l: Definition of symbols used in the RFC Hydrologic Model
i?	 1. U )Perzone tension Mater
a)	 UUNP1, maximum capacity in inches
b)	 UZTWC, contents in inches
2. U ^ per zone free grater
a).	 UN1111, maximum ut pacity in inches
b)	 U'ZFWC, contents in inches
jj
f
c)	 UZ.K, lateral	 drainage rate
3. The percolation rate from upper zone free
W ter in to the lower zone
a)	 PRASE, the through-put rate during saturated
condi ti ons
b)	 Z, the proportional
	
increase in percolation
from saturated to dry conditions
c)`	 REXP, * an exponent determining the rate of
change of the percolation rate with changing
lower zone water contents
4. Lower zone-tension water
a)	 LZTWM, maximum capacity in inches
b)	 LZTWC, contents in inches
5. Lower zone free Oater
,i
a)	 Supplemental free water storage
1)	 LUSH, maximum capacity in inches
2)	 LZFSC, contents in inches
3)	 LZSK, lateral	 draini ng rate	 f
b)	 Primary free water storage
l)	 LZFPM, maximum capacity in inches
`
2)	 LZ.FPC, contents in inches
3)	 LZPK, lateral drainage rate
c	 PFREE	 direct percolation to Lower Zone Free Watera	 p	
^
} d)	 Ground water discharge not observable in the
river channel
1)	 SIDE, ratio of non-channel	 subsurface
outflow to channel baseflo4l
2)	 SSDt1.T, discharge required by channel underflow
e)	 RSCRV, fraction-of lower zone free water incapable
of resupplying lower zone tension
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111. SENSITIVITY ANALYSIS GENERAL DISCUSSION
A. Basic Considerations
Let Y be an output variable which depends on input x and a
set of parameters fa,b,cl . Then the sensitivity of Y to parameter
a, for x=x0 , a=a0 , b=b0, c=c0 is given by
T	
_- 
y(X0 ;a0+ a,b03 c0) - Y(x0;a0,b0,c0)
q a	 a
S, the relative sensitivity, also of general interest, is given by
S Q qY/Y
a = Aa/a0
For smalla
s
 we have approximately Sa = [2Y/-aa ]/[Y/al
a
If there are uncontrolled parameters which affect Y, or if for some
other reason, the relation between Y and x and a,b,r is random, then
q Y as above, will be a random variable. We may then consider the
statistical characteristics of Y, such as its sample mean, sample
variance, range, histogram, to characterize the sensitivity.
In so far as possible we have tried to avo;.d the use of statistics
in the study of the sensitivity,of the model. To a large extent we
have succeeded in doing so by consideration of different seasonal
regimes for the model. This breakdown into seasonal regimes is
physically meaningful in California since there are well marked
seasonal weather patterns. It leads mathematically to significant
simplifications in the operation of the model and simpler, determinis-
tic relations in the sensitivity analysis.
B. Seasonal Regimes
There are two very well marked regimes for the Middle Fork of the
Feather River. The summer regime, characterized by an almost complete
lack of precipitation and by the fact that the upper zone tension water
content (UZTWC) is small.` Quantitatively, we use UZTWC .1 and
PCT	 0 and find that such a regime holds during the following
months.
k
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Summer Regime
Year Start End
1962 July September
1963 July September
1964 July October
1965 July October
1966 June October
1967 August October
1968 June September
This summer model can tolerate some rain, as long as the rain is not
sufficient to fill up the upper zone tension water significantly.
Under the mathematical conditions stated the hydrologic model becomes
extremely simple.
Another physically meaningful set of conditions obtains whenever both
upper zone and lower zone tension water storage bins are full, or
UZTWC=UZTWM and LZTIIC=LZTFVM. This type of behavior occurs during the late
winter and early spring months (we shall call it the Spring Regime) when
precipitation occurs essentially every day; so that the upper zone tension
water is replenished everyday. The lower zone tension water also fills
and remains filled in good part because of a very long depletion time
constant of several months. For the years 1962 through 1968 the starting
and ending month of the Spring Regime are as follows:
Spring Regime
Year Start End
1962 March May
1963 February May
1964 March May
1965 February May
1966 March April
1967 February June
1968 March May
Under these conditions, again the behavior of the model simplifies
greatly and allows fairly definite statements as to the sensitivity of the
model to parameter and inputs. During the intervening season, that we
shall call Winter and Fall Regimes, the behavior of the model is more
complex and we will need, in some cases, to rely on statistical characteri-
zations of the sensitivity.
C. Input and Output Variables and Parameters of This Study
In our study of the Sacramento RFC hydrologic model, we have given
consideration to several performance indices, corresponding to distinct
interpretation of the output variable Y in the general discussion of
sensitivity. These performance indices are intended to match the various
uses of the model for forecasting purposes. Since the basic output of the
model is the daily basin runoff in cubic feet per second per square mile
(CFS/SQ.MI.) all performance indices are based on that model output
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sequence. We have considered the peak daily runoff and the storm
}	 volumetric runoff. These two performance indices are used to assess
the performance and sensitivity of the model in near term forecasting.
Some fairly definite results have been obtained for the daily peak
flow, but the storm volumetric runoff is difficult to define and to
j'	 handle and more work will be needed. We also consider the monthly
volumetric runoff which is used in seasonal runoff forecasting and the
daily baseflow which is of interest during the summer months.
i
We have considered the sensitivity of the Sacramento RFC hydrologic
model to the primary dynamic parameters and inputs, Evapotranspiration
(ED) and Precipitation (PCPT), which include the effects of both rain-
fall and snowmelt. We have also considered the sensitivity of the model
to the model parameters. Upper Zone Tension Water Capacity (UZTWM),
Lower Zone Tension Water Capacity (LZTWM), Impervious Area (PCTIM) and
area of streams, lakes, and riparian vegetation (SARVA).
Some broad results as to the sensitivity of the monthly runoff of
each of the parameters under study and for each of the seasonal regimes
discussed are given in Table 2.
Following, we give a more detailed discussion of the results of our
sensitivity analysis for Evapotranspiration and Precipitation and the
other model parameters of our study.
IV. EVAPOTRANSPIRATION
i) Physical Basis
Evapotranspiration is defined as the combined effect of "transpiration
from leaf surfaces of water taken from the soil by plant roots, direct
evaporation from the soil and from leaf aifd other surfaces wetted by rain
and direct evaporation from the surfaces of lakes, ponds, and streams".
Transpiration is usually the dominant process. The process of evapotranspir-
ation is difficult to measure and this uncertainty contributes significantly
to simulation error.
A measure of the evapotranspiration-requirements of ,the'basin is
given by the evapotranspiration demand (ED), which is define-1 to be "that
evapotranspiration which would occur if there were no deficiEicies in the
availability of moisture for evapotranspiration by that area s : particular
plant regime".
Evapotranspiration from the area covered by surface water or phreato-
phyte vegetation is computed at the potential rate, i.e.,
EVAPT = ED x SARVA.
Moisture is also extracted from the upper zone at the^Ppotential ratep
multiplied by the ratio of UZTWC to UZTWM.
In the lower zone, evapotranspiration takes place at a rate determined
1	 by the unmet evapotranspiration demand times the ratio of LZTLVC to LZT1M.
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The sum of these three components is th,, total amount of water
that the basin loses due to evapotranspiration.
li
^.	
Since evapotranspiration demand (ED) along with the state of the
system determines the quantitative effect of the evapotranspiration
f	 mechanism, we-have systematically studied the sensitivity of the
u "	 model to the parameter ED.
ii) Nominal Values
^j	
Evapotranspiration is a seasonal. effect; a graph of ED vs. time
of the year looks approximately bell shaped. For the Middle Fork
Feather River, the graph peaks in August with a value of ED of .220
(in/day), the lowest value occurring in January at .015 in/day.
iii) Effect of ED on Monthly Runoff
A. Summer
During this time of the year, sensitivity to evapotranspiration
is low, even though ED is at its highest. This is because, in the
summer, most of the flow comes from baseflow, which is not affected
by evapotranspiration. Loss of flow during the summer comes about
as a result of surface loss through SARVA (See Table 2 for sensitivity).
However, under certain conditions, such as low rainfall- in the
following Winter, a 40 % change in ED can give rise to as much as a
50% change in runoff 5 or b months later. This is because changing ED
leads to a change in LZTWC, and this in turn has an effect when the
LZTW storage compartment fills up later on.
B. Fall
During the early portion of the season, sensitivity is low because
the model is still operating in the summer mode. During the second
half of the fall the value of ED drops ccris iderably so that the amount
of evapotranspiration water is reduced, thus making its effect less
critical on model behavior. (See Table 2 for value of sensitivity).
C. Winter
For this regime, the effect is still low because ED is low and
runoff is fairly high. Towards the end of this regime, however, the
value of ED begins to come up again, thereby increasing the sensitivity.
With available data, the highest sensitivity for this season is .5,
but generally the sensitivity stays below . 25. (See Figi ,re., A-3,
A-4, and A-5).
D. Spring
During this time of the year sensitivity, and a functional relation-
ship can be derived because, on a monthly basis, the model can be
approximately described by:
s
t
i
i
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runoff - K x rainfall	 K is a
	
(1)
from (1), c A runoff = A rainfall	 constant	 (2)
changing ED is almost equivalent to changing the amount of rainfall since
the UZT19 storage is full, so that
A rain - %A . ED. x. HD	
(3)rain -
Substituting (3) in (2) and using (1), 	 `&
%A runoff =	 ED x ED x K	 (4)	 :.a
runoff
.r
For a given o ED, this equation describes a hyperbola if ED is constant.
This is true of May, April, and June. In June, however, the model can no 	 4
longer be described by (l) and so (4) breaks down. For months in which ED 	 f
is not constant, an average value of ED is substituted so that (4) will
still hold, as long as (1) holds. Such is the case for February and March.
Residual Effect in Spring
A change in ED for a given month will not only have an effect on that
month's runoff, but will also influence the output of the system in subsequent
months, by changing the state of the system at the beginning of the next months.
This will of course always happen independently of when ED is perturbed.
This effect, however, will be more r.-oticeable for a change in the spring,
because of higher sensitivity during this season, and because subsequent
months are generally of lower runoff (water is receding) making any per- 	 j
turbations stand out.
Computer runs show that there is a strong relationship between the
first month's ruuioff change and the second month's runoff change as a
result of a change in the first month's ED (Figure A-b). The right portion
of the curve is to be expected ^,n the basis sf the previous paragraph.
The left side appears to reflect the fact that, for a low amount of rain,
the system falls out of the winter regime and begins to e,hibit fall type	 -
behavior.
This effect is not limited to the second month, but it gradually decreases 	 w_
as time progresses, i.e., in subsequent months. For other seasonal regimes
the residual effect has a sensitivity of less than .3.
r
Linearity of Cumulative Effect
The effect of two separate changes in ED is additive in a simple linear
fashion for the spring season, for monthly and peak runoff.
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iv) Effect of ED on Low Flow
Low Flow is taken to be the average flow on four consecutive days
in summer which indicate the Lowest flow of the year. Changes in low
flow can occur as a result of changing ED in either the spring or the
summer.
The spring perturbation will in general yield low sensitivities,
typically less than .25. Under certain circumstances this number can go
up to .5. This will happen for very dry years, in which FSWC is low.
Since this water storage determines the long term component of base flow,
a low value for it leads to higher sensitivities in summer flow.
v) Effect of ED on Peak Flow
Because of the random nature of the this parameter (as to where in the
month the peak flow will be located), only statistical data are available.
Spring: Figure A-7 shows a histogram of sensitivity for April and May.
On this basis, one can state that on the average, 950 of the cases will
exhibit sensitivities of less than .37. Similarly, for the residual
effect on subsequent months, 90% of the cases will have sensitivities of
less than .8. The higher value of sensitivity for the second month can
be related to Figure A-6 in which it is seen that, past a certain thresh-
old, the sensitivity to the residual effect is inversely proportional
to the runoff in the second month.
Winter: Typically the sensitivity is less than .3. However, months
for which the amount of rain is low, the peak flow is low, and the peak
day occurs late in the month, will tend to show sensitivities which
can be 3 or 4 times higher than normal.
Sumner and Fall: Sensitivity is low; typically less than .3.
vi) Effect on Storm Runoff
No data yet.
V. PRECIPITATION
i) Physical Basis
The water balance characterization of the system makes it desirable
that the precipitation estimate be as true as possible. Rain information
for the basin is only known on a pointwise basis so that an ov-7--Sing pro-
cedure in which weights are assigned to each one of these poijiLS is used
to determine the total amount of precipitation for the basin.
This averaging procedure is somewhat prone to errors. In addition to
this, given that the system is non-linear, averaging the inputs leads to
a different analysis than if individual inputs had been used and the results
combined.
i
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ii) Effect on Monthly Runoff
A. Sumner
The effect during this season is very minor. This is to be expected
because of the small rain activity and also because only that fraction
of rain that falls on the permanently impervious portion of the basin
contiguous with stream channels appears as runoff, or
C.i
runoff = PCPT x PCTIM + baseflow comp
%runoff	 PCTIM x PCPT
%oPCPT	 runoff
This is usually zero or close to it, where PCPT stands for total monthly
precipitation, since PCTM = .02 and PCPT is also very small or zero.
l	 B. Pall
At this time the rainy season begins, and the amount of PCPT is
{	 enough to fill up the UZT1V storage. In this case it is difficult to
justify analytically the results because or the non--linearity introduced
by the filling up of the UZTW storage. Nevertheless. computer simulation
{	 yields a fairly simple relationship between runoff and sensitivity. This
relationship, which is shotim in Figure A-8, is valid for changes in
precipitation from +40% down to -150.
Residual effect in the Fall
This effect is also difficult to analyze because of non-linearities.
_	 The trend however is that of a constant ratio of first month's % runoff
change to second month's % runoff change. As it turns out, independently
of the amount of rain or % change involved, this ratio for available data
t 
is never more than .61. The only exception is the year 1966. The rain
pattern for this year was such that with an increase of the input rain,
the LZTZV storage was forced to fill up earlier, thereby contributing an
additional amount of runoff in the form of increased baseflow, making
the system runoff more sensitive to rain changes. All of this discussion
appii}.s to the second month's effect.
In general., the residual effect of precipitation at the beginning of
the rainy season decreases to sensitivities of less than .3 in the fourth
month of the sequence. The exception to this is years for wl,' 	 the
cumulative monthly rainfall, starting in October, does not amount to
more than 12 inches by the end of December. These years will exhibit a
significant peaking of the residual effect when the cumulative rainfall
reaches about iL inches. At this time, the sensitivity may be twice as
large as that of the first month, when the perturbation first occurred.
rk
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The results for this season are somewhat unpredictable and exhibit
no pattern. This is to a large extent due to the long time constant of
the LZTW storage. Therefore,.statistics had to be compiled for
December, January, and February. The results are shown on Tables 3,
4, and 5. The residual effect on the second month is shown in Table 6.
	
Mean	 Standard
	
Change	 Sensitivity	 Deviation
	
40	 1.1	 .46
	
-40	 .86	 .41
	
20	 1.03	 .44
	
-20	 .92	 .46
Table 3: Monthly runoff sensitivity to precipitation for December
	
Mean	 Standard
	
Change	 Sensitivity	 Deviation
	
40	 1.21	 .35
	
-40	 1.18	 .59
	
20	 1.12	 .32
	
-20	 1.0	 .25
Table 4: Monthly runoff sensitivity to precipitation for January
	Mea 	 Standard
	
Change	 Sensitivity
	 Deviation
	
40	 1.18	 .59
	
-40	 .88	 .35
	
20	 1.14	 .55
	
-20
	 1.0	 .25
Table 5: Monthly zunotf sensitivity to precipitation for February
Mean
	
Month	 Sensitivity	 Deviation
	
January	 .39	 .13
February	 .76	 .74
March	 .48	 .27
Table 6: Second month residual effect of precipitation on monthly
runoff in the Winter. Month column refers to the second
month.
	r	 t
D. Spring
Here, both UZTW and LZTW are filled to capacity. Without the
nor-linearity due to these two storage bins, the output of the model
can be approximated by:
`runoff = K x PRECIP
S - 1
Computer runs show that this is a fair approximation, although there
are some exceptions.
Residual effect in the Spring
E. Linearity of Cumulative Effect
The effect of separate changes in PCPTN is additive in a linear
fashion for the spring season for monthly and peak flow. No data have
been taken that verifies this, though.
For other times of the year there are no data at this time.
iii) Effect on Low Flow
This effect can take the form of a change in precipitation in the
summer, or a residual effect on a change in the spring. The first effect
is very small, for reasons outlined before. The second effect leads to
sensitivities which are generally less than .6.
iv) Effect on Peak Flow
A. Summer
For any given day in the summer, the runoff" is given by:
runoff = PCTIM x PCPTN baseflow component
i
FROM which
	
	 S = PCTIM x PCPTN
runoff
where PCPTN stands for daily precipitation
B. Fall
As long as the UZTW is not full, and the available rain is not enough
to fill it, the above formula holds. For any month in which the UZTW fills,
only statistical infromation can be provided, due to the random nature of
peak runoff. The procedure in this case has been to vary the total monthly
precipitation for the month, and to compute the sensitivity of the peak
flow to this change for all the years for which data are available (8).
Table 7 shows the mean and standard deviation of the resulting sensitivities	 .'
for the first monthly precipitation. As can be seen from the table, on the
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average the sensitivity is about 2.3. As far as the residual effect
of this month's change on the next month's peak flow table 8 displays
the mean and standard deviations of the sensitivities. As expected,
a lower sensitivity of about .9 on the average is obtained.
C. Winter
The procedure is the same as that used for the fall. The results
for December, January, and February are shown in Tables 9, 10, and
11, respectively. The residual effect on the second month is displayed
in Table 12, on the third month it is usually less than .3.
D. Spring
A similar approach for March, April, and may, leads to an
	
approximately Gaussian 	 distribution of	 the sensitivities as evidenced	 .x
by Fig. A-10. The mean of this distribution is 1.0 and the standard
deviation is .4. From this, we conclude that, in about 70% of the
cases, the sensitivity will be between .6 and 1.4.
	
mean
	
standard
% change
	 sensitivity	 deviation
	
t	 3
	
+40	 2.75	 1.64
	
-40	 1,55	 .49
	
+20	 2.89	 1.88
	
-20	 2,08	 .96
Table 7: Peak flow sensitivity to precipitation for
month in which UZTW fills up.
	
mean	 standard
% change	 sensitivity	 deviation
	
x-40	 .92	 .65
	
-40	 .67	 .19
	
20	 1.13	 1.08
	
-20	 .72	 .22
Table 8: Residual effect of precipitation on peak flow.
	
mean	 standard
% change
	
sensitivity	 deviation
40
-40
	
20	 1.55	 1.26
	
-20
	
1.24
	
.67
Table 9: Peak flow sensitivity to precipitation for December.
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mean standard
o change a sensitivity deviation
40 1.77 1.03
-40 1.23 .21
20 1.53 .85
-20 1.32 .48
Table 10:
	
Peak Elow sensitivity to precipitation for January.
mean standard
o change sensitivity %eviation
40 1.53 .93
-40 .90 .44
20 1.65 1.18
--20 .91 .5
Table 11: Peak flow sensitivity to precipitation for February.
	
mean	 standard
Month	 sensitivity	 deviation
.lanua:ry	 .33	 .19
February	 .95	 1.09
March	 .21	 .21
Table 12: Second month residual effect of precipitation on
peak flow in the Winter. Month column refers
to the second month.
v) Storm Runoff
No data as yet.
VI. UPPER ZONE TENSION WATER CAPACITY (UZTWM)
i) Physical Basis
There is a soil moisture storage in the permeable portion of the basin.
It represents the volume of precipitation which would be required under dry
conditions to meet all interception requirements and to provide sufficient
moisture to the upper soil mantle so that percolation to deeper zones and
sometimes horizontal drainage could begin. The water in this storage is
closely bound to soil particles, and is used to feed, in part, the evapo-
transpiration process.
The storage must be completely filled before any moisture becomes
available to enter other storages.
The value of UZTWM is determined by hydrograph analysis.
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ii) Effect on Runoff
This model parameter is related to the physical configuration of the
basin and, therefore, is not subject to monthly variations.
In order to study the sensitivity to this parameter, it was charged
by +40o at the beginning of the rainy season, without changing it back
'	 for the remainder of year. Changes in runoff were examined for the first
i.	 and following months. No changes at any other time were made, because the
contents of the UZTW affects the behavior of the model through the ratio
of UZTWC to UZTWM so that if the UZTW storage is full, this ratio always
equals 1, independently of the size of UZTW storage.
Again, it is difficult to predict analytically the results of sensiti-
vity to UZTWM, because there are two modes of behavior around the transi-
tion from partially filled to completely full UZTWM, as the percolation
mechanism begins to play a role in the latter case.
I
Computer runs show that there is good correlation between sensitivity
and the amount of runoff for the month.
The effect of a change in November can persist up through March when it
can still have a sensitivity of about 1. This is most noticeable for years
in which the amount of runoff is very low for that month, and for which the
rain pattern is such that LZTW does not fill up until around that month.
The role of LZTW in this case is to make an additional amount of water
available (in the case of a decrease in UZ711) to LZPSW and LZFPW, thereby
affecting the baseflow through those two parameters. Usually high values
of sensitivity to UZTWM are explained this way.
Because of a lack of data the development of a functional relationship
for this parameter is not possible at this time.
Note also that no other values of 	 in UZTIVM outside of +40% have been
tried.
iii) Effect on Peak rilow and Storm Runoff
No data.
VII. LOWER ZONE TENSION WATER CAPACITY (LZTWM)
i) Physical Basis
This represents that volume of water held by the lower zone soil after
wetting and drainage, and is generally available for evapotranspiration.
This is a very difficult parameter to determine because it is never
quite completely empty, giving usually wrong estimates.
The approach to the study of the sensitivity of the model to the para-
meter LZTIVM is the same as for VZTiVM.
1
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The results of changing this model parameter however are a little
difficult to predict. This is so because the results do not immediately
follow the change, but can be delayed a number of months depending on
the rain pattern for the year in question. We have typically that
the effects of a change in LZTW begin to show up when LZTW reaches new
capacity level which is very much a function of the rain pattern.
Again because of lack of sufficient data, no functional relationship
has been determined.
ii) Effect on low flow
VIII.
Less than .8 in general, but can go as high as 2.0.
iii) Effect on peak flow and storm runoff
Not done yet.
IMPERVIOUS AREA (PCTIM)
i) Physical Basis
This represents the permanently impervious fraction of the basin
contiguous with stream channels. This fraction of the basin then always
gives runoff whenever there is any rain. For this particular basin, this
fraction is .02. It is estimated by hydrograph analysis.
ii) Effect on Monthly Runoff
Methodology used to study this parameter is same as for UZTW and LZTWM.
This parameter determines to a great extent the amount of surface runoff.
Consequently it's effect will be most strongly felt during the time of the
year when surface runoff is at its highest value in relation to basef low
and inter low. This typically happens at the beginning of the rainy
season when baseflow is at its lowest, and most of the rainfall is used
to meet tension water requirements.
In general, monthly flow is approximately given by
runoff = PCPT x PCTIM + D(C-PCTIM)
where D stands for any other flow co,Tonents, "PCPT" is total rain for the
month, and
The sensitivity S
is then given by
C = 1--ADIMP
S = (PCPT-?)PCTIM
runoff
this fo-r - Ja should
work fairly well on
gaily ::,is also
ADIMP = .03
since PCTIM = .02, D is approximately equal to runoff.
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This formula is good to within +15% for a change in the parameter
PCTIM of +40%.
IX. AREA OF STREAMS, LAKES, AND RIPARIAN VEGETATION (SARVA)
A
This parameter determines the amount of water that is evaporated from
that fraction of the basin covered by lakes, streams and so on. Therefore,
its effect is highest when ED is high and runoff is small. This will of
course happen in the summer.
In general
SARVA x EVAPTi
E is runoff due to all components
E i-SARVA2EVAPTi
-SARVA EVAPTi
S 
r	 runoff
the formula is accurate to within 20% for % change in parameter of +400.
This formula can also be used on daily basis. Good also for any time
of the year.
D.R.0. = E. -
where D.R.0 is daily runoff, and
month R.Q. _2 D.R.Oi
z
Reference
1. Burnash, R.J.C., Ferral, R.L., and McGuire, R.A., "A Generalized Streamflow
Simulation System -- Conceptual Modeling for Digital Computers".
1
Report of the Joint Federal--State River Forecast Center, Sacramento, March 173.
i
2a-41
h	 }
CHAPTER 2b
REMOTE SENSING-AIDED.PROCEDURES
FOR WATER YIELD ESTIMATION
1
'	 S
3
F
Co-Investigators: Randall IV. Thomas
and
Siamak Khorram
(Berkeley Campus)
Contributors: E. Katibah, J. Sharp, and
B. Jacki.m
f^yA
1
is
CHAPTER 2(b)
j
Table of Contents
Page
`J
2b.1 Introduction 2b-1
2b.1.1	 General Approach 2b-2
i	 2b-2 Snow Quantification Technique Development 2b-6
2b.2.0	 Introduction 2b-6
.
!
2b.2,1	 Areal Extent of Snow Estimation 2b-7	 j
2b.2,2	 Snow Water Content Estimation 2b-13	 i
2b.2.3
	
Comparitive Cost-Effective Analysis 2b-23
2b.3 Remote Sensing--Aided Evapotranspiration Estimation
System 2b-30
2b.3.0	 Introduction 2b-30
2b.3,1	 Materials & Methods 2b-31
2b.3.2	 Radiation 2b--40
2b.3.3	 Results 2b-47
2b.3.4	 Summary/Conclusion 2b-54
2b.3.5	 Future Research 2b-55
2b.4 impervious Surface Area Estimation 2b-56
2b.4.1	 Introduction 2b-56
2b.4.2	 Materials & Methods 2b-56
2b.4.3
	
Results and Discussion 2b-72
2b.4.4	 Conclusions 2b-74
2b.4.5	 Further Work Beyond the ISA Study 2b-76
F	 2b.5 Summary/Conclusion 2b-84
i'
-	 .L
I
j1
r
2b.1.D	 1NTRODUCTi)N
^- The central objectives of water supply studies being conducted by
personnel of the Remote Sensing Research Program (RSRP) under the NASA
grant remain 1) the development of remote sensing--aided techniques for
estimating parameter inputs to water supply forecasting models and 2)
participation in the analysis of the accuracy/cost impact of remote
sensing data on water runoff estimation. The general importance of
accuracy/cost improvements in water supply forecasting to both the
forecasting agencies and water users has been outlined in previous reports.
l
Our current focus is on developing remote sensing-aided data
acquisition techniques that could be used by representative water runoff
estimation organizations in the state of California, namely the
California Cooperative Snow Surveys (CCSS) program and the program of the
Federal State River Forecast Center (RFC) both related orgaiiizationally
at the state level to the California Department of Water Resources (DWR)
In this regard, specific remote sensing--aided techniques are presently
being developed for quantification of snow, evapotranspiration, and wa.ter
impervious surface area.
This RSRP effort is being conducted in coodination with our NASA
Grant participants within bot_. the U.C. Davis (Algazi) group and the
Social Sciences (Hoos) group on the Berkeley campus. Past coordination
with the former group has lead to
^.	 1) an analysis,of procedures and systems currently used for predicting/
simulating runoff,
2) an identification of parameters important in runoff forecasting,
3) an analysis defining which of those parameters could potentially
be more efficiently quantified by remote sensing,
4) an on-going analysis designed to show the accuracy sensitivity
of runoff forecasting models to value changes of input
parameters (see report by Algazi in chapter 2a).
'
	
	 The sensitivity analysis gives an early quantitative measure of the
improvement in accuracy performance that can be expected if remotely
sensed data can give a more precise, accurate, and current estimate of
certain input parameters. Current cooperative efforts with the Algazi
group involve input of remote sensing--aided evapotranspiration estimates
and possibly "snow water content" estimates resulting from RSRP's
contribution to DWR runoff yorecasting models that are being anaIV7ed by
Algazi.
y	 A continued analysis of the cost/accuracy efficiencies to be
^r
gained with remote sensing data in water supply estimation is being
-n
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coordinated with the U.C. Berkeley Social Sciences (Roos) group.
Specifically this effort involves continued analysis of remote sensing-
aided snow water content estimation reported earlier (see Chapter 6
of our May 1975 Grant report). Possible extensions of these studies
to evapotranspiration and to more complex questions of general society
costs and benefits resulting from introduction of remote sensing data in
runoff forecasting procedures are being considered as well.
2b.1.1 GENERAL APPROACH
The general approach being used to develop techniques for remote
sensing--aided estimation of water runoff prediction parameters involves
a stepwise sequence of information-need definition, sample design,
measurement, estimation, and evaluation. Each of these steps is
j	 discussed briefly below.
2b.1.1.1 Definition of Information Types to be Measured and to be Estimated
This basic first step in any inventory procedure consists firstly of
a definition of the general information needs/and specific parameter set
to be estimated along with any assumptions and/or restrictions to be
placed on the method of data acquisition, processing, or use. In the
case of runoff forecasting, the general information needs, parameter set,
and assumption list were given and discussed in earlier reports (our
May 1974 and 1975 Grant Reports). Currently, work is proceeding at RSRP
to develop remote sensing-aided procedures for snow, evapotranspiration,
and impervious surface water forecasting input parameters. The snow
technique has application in both the CCSS and RFC models while
evapotranspiration and water impervious surface area results can be used
at present most directly in the RFC model.
The next step is to define a population of data on which to develop,
test, and evaluate the remote sensing-aided procedures. As indicated in
the May 1974 Grant report, the Feather River Watershed (7800 km2) has
been selected as this test site. The selection was based on the adequacy
of the data base available for that region as compiled at U.C. Berkeley
and on the fact that the Feather River region above the Oroville
reservoir represents the source watershed for the California Water Project.
Population subdivision of interest are also identified in this phase.
Given the desirability of a high ratio between knowledge gained and
effort expended in this study, the Sparkish Creek Watershed was chosen
as such a subdivision for initial techniques tests and evaluation. The
Spanish Creek Watershed represents, approximately, the environment mix
found over the entire Feather River region. Results and techniques
developed from the Spanish Creek area can then be expanded or applied
over the entire region with a minimum of technical difficulties.
i
Other subdivisions, or strata, important in the actual estimation
process must also be defined at this time. These strata include
specific snow evolution environments (a function of topographic position,
vegetation . etc.) important in snow areal extent or snow water content
estimation. In the cage of evapotranspiration estimation, general
vegetation classes would represent strata, while general geologic/additional
strata for water impervious surface area estimation.
Finally all relevant and available information types that are
needed in the estimation process must be identified. These include
topographic data, aerial and satellite imagery/digital data, ground data,
and geologic data.
2b.1.1.2 Sample  Design
In order to cost-effectively tie data from many sources together to
provide accurate and timely water runoff parameter estimates, a multistage
sampling approach is being employed in this water supply study. With
this approach to data acquisition and estimation, a smaller and smaller
sample is taken from successively more resolitrd and more costly data
planes.
Evapotranspiration estimation may be used as an example, In this
case the watershed of interest is divided into a continuous matrix of
rectangular sample units. Measurements are performed within each (or
within a sample) of these primary sample units (PSU's) and an estimate
of evapotranspiration is then derived for each PSU by application of a
,.	 mathematical model. A small sample of those PSU's is selected for further
subaampli„g. A series of large scale photo plots is then obtained along
the long axis of the selected PSU's. Detailed vegetative canopy measure-
ments are made at each of -these secondary sample units (SSU's i.e. photo
plots). A more refined, but more costly estimate (or a unit area basis)
of evapotranspiration is again obtained through combination of vegetative
and meteorological data, specific to each SSU. Finally, a very small
sample of SSU's are visited on the ground. Detailed vegetative canopy
and soil characteristics are measur-d and the most refined and costly
estimate of evapotranspiration is gained.
The snow quantification (areal extent and snow water content) and
"water-impervious surface area” estimation procedures also employ
multistage sampling approaches. These may involve two stage samples,
including either (1) satellite information at the first stage and large/
medium scale information at the second (e.g. snow areal extent and one
form of impervious surface area estimation), or (2) a sample of ­...cllite
data and a subsample of ground data (e.g. snow water content estimation;
or (3) combinations of the above.
i
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2b.1.1.3 Measurement
Once the sampling design has been formulated, detailed measurement
procedures at each stage must be specified. Of course, the factors
to be measured will depend upon the water runoff forecasting input
parameter to be estimated. In the case of snow water content estimation,
measurement procedures are specified for the determination of snow
areal extent on sequential LANDSAT data and for the use of a snow tube
for ground-based determination of snow water content. Measurement
procedures for evapotranspiration are more lengthy. For example,
topographic data, LANDSAT digital data, and meteorological satellite
data must be measured/transformed (includes computer-mediated data
classification) and combined through mathematical models to give a
"measurement" of ev=potranspiration (or of an evapotranspiration- correlated
parameter)- at the first stage of the sample design. Similar multivariate
measurement and data combination procedures must be specified for data
types at the second and third stages.
2b.1.1.4 Estimation
After the measurement procedure has been completed for each stage
of a given sample design, the water runoff correlated parameters
generated from each sample stage must be combined by a statistical
formula to produce a watershed-wide estimate of that parameter.
This estimate (e.g. snow water content) will be calibrated to the accuracy
of the most data-resolved stage (e.g. ground level) of that particular
sample design.
A measure of this estimate's standard error (level of precision) is
also generated from the multistage s<mple. Confidence intervals around
the parameter estimate, in which the actual watershed-wide (or subbasin)
value of that parameter is expected to fall with g iven probability, may
then be determined from the standard error.
2b.1.1.5 Evaluation
The estimates of runoff forecast input parameters (e.g. snow water
content, evapotranspiration, water impervious surface area) may be
evaluated according to a set of performance criteria. These criteria
include precision improvement, accuracy improvement, cost reduction, and
timeliness improvement (reduction in time to generate forecast). Each
of these improvements is ge,►°rally quantified in schedule form for fixed
levels of one or more of the other three performance criteria.
The performance evaluation criteria are applied to the remote :_,ising-
aided estimates of input parameters that are used in making runoff forecasts.
The criteria are applied in two ways: (1) in evaluating the improvement
of the input parameter (e.g. evapotranspiration) estimate relative to
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conventional procedures for estimating the given input parameter and (2)
evaluating the improvement of runoff forecasts resulting from use of the
remote sensing--aided estimates of a given runoff forecast input
parameter. Analysis with respect to the first type of evaluation was
documented for snow water content estimation in the May 1975 Grant report.
That study, further reported on in section 2b.2.3 of this report
outlines in a precision versus most improvement schedule the precision
and cost advantages to be gained through the use of remote sensing-aided
estimates of snow water content. This first type of analysis may be
termed evaluation of an intermediate output in a runoff forecasting system.
The second type of evaluation, that of the ultimate output, (consisting
of the runoff forecast), involves the application of the estimated
input parameters (intermediate outputs) to runoff forecasting models/
procedures. Improvements in runoff forecasting with respect to precision,
etc. are noted when remote sensing-aided instead of conventional
estimates of input parameters are used for the forecasts.
Examples of this second form of analysis are currently being initiated
in at least two areas. The first is that evapotranspiration outputs
from the RSRP procedures will be input to RFC model/procedures as currently
implemented by the Algazi group. Forecast accuracy improvements are to
be noted. The second example involves the application of snow areal
extent and snow water content estimates to simple and more complex runoff
models for accuracy of precision/cost improvement evaluation.
v
{{
2b.2	 SNOW QUANTIFICATION TECHNIQUE DEVELOPMENT
2b.2.0	 INTRODUCTION
Many investigators have used aerial photography and satellite imagery
fr-c measuring snowpack parameters. The research reported on in this
section illustrates the use of two key parameters: snow areal extent and
snow water content. These are gathered from analyses of LANDSAT imagery,
supporting areal photography, and existing ground data. A rationale in the
form of a cost-effectiveness analysis is introduced suggesting the
economic viability of remote sensing-aided snowpack measurements.
The first parameter, areal extent of snow, is one that many a pvesti.ga-
tors have examined. Some of the many investigators who are attempting
to quantify and use areal extent of snow are listed in Table 2b.I. Several
methods have been used to quantify this parameter from satellite imagery which
differ greatly in approach and most lih'ely in results. Rango and Foster
(1975) have proposed a method similar to one which has long been used
by investigators such as Baraes and Bowley (1967).
Their method is essentially one of planimetering the apparent snowline
as seen on LANDSAT imagery to arrive at an areal extent of snow estimate.
Rango, Salomonson, and Foster (1975) used this estimating procedure as an
input into a water runoff prediction model in which areal extent of snow
was regresssed against actual water runoff volume.
Our Remote Sensing Research Program, University of California at
Berkeley has developed another way to calculate and use the areal extent of
snow parameter. Areal extent of snow is measured using a two stage
statistical estimation procedure that allows the final estimate to be
interpreted for its accuracy. Such parameters as vegetation type, elevation,
and aspect, all of which affect the appearance of snow cover on remote
sensing imagery, are accounted for in this estimation procedure to give the
corrected estimate of the areal extent of snow. The results of the areal
extent of snow estimation procedure are then used, in part, to generate
the second key parameter, snow water content.
The snow water content estimate is based upon the apparent rate of
depletion of the snow as determined by the method described above combined
with groaiid measurements collected on several snowcourses administered by the
California Department of Water Resoarces. The final snow water content
estimate is based on the statiwtically-derived correlation between the areal
extent of snow information and the ground data. Snow water content so
derived is then available for use in future remote sensing-aided water
runoff models that may use other key parameters such as watershed
evapotranspiration and surface and subsurface flow,
The snow water content value not only provides a more meaningful
parameter than the areal extent of snow subparameter but also permits a
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performance comparison with existing data on a comparison relative
accuracy and cost savings basis. Initial results from this comparison,
have been very favorable as shown below in Section 2b.2.3.
The work reported to date reflects the partial completion of the
ongoing investigation into manually-implemented techniques for snow pack
quantification. Current work is directed toward refining this manual
t	 approach to better pit operational applications. Since eventual applica-
tions are likely to include computer-aided snow water content estimation,
the manual interpretation approach has been designed to facilitate
integration with computer-aided analysis of the snowpack parameters. The
$"	 inherent limitations of human analysts in analyzing large volumes of
related but deverse data make this a logical direction of research. Once
computer-aided estimation systems have been developed, the digital nature
;:;:	 of LANDSAT data can be used to full advantage toward the ultimate goal of
providing accurate and timely snowpack parameter estimates for inclusion
in water runoff prediction equation.
sr	
2b.2.1
	 AREAL EXTENT OF SNOW ESTIMATION
2b.2.1.1 Objectives
Because areal extent of snow is an accepted parameter in many snowpack
T	
measurements, methods are reeded which will estimate the parameter quickly,
accurately, and consistently. The objective of this study is to provide
such a method along with the appropriate sampling design so that stated
accuracy figures can be verified and analyzed in their proper perspectives.
2b.2.1.2 MATERIALS AND METHODS
The method used to estimate areal extent of snow at the Remote Sensing
Research Program is based upon the analysis of LANDSAT color composite imagery
(Appendix I) divided into equal image sample units (ISU's). Two dates of
LANDSAT color composite imagery are used for analyzing each snowpack date.
For instance, if the areal extent of snow is to be calculated for the
April 4, 1973 LANDSAT overpass of the Feather River Watershed, a LANDSAT
color composite of April 4, 1973 and a LANDSAT color composite on a cloud-
free summer date such as August 13, 1972, would be used. The LANDSAT winter
date, April 4, is gridded with image sample units (each equaling 400 square
hectares in the prime preliminary analysis) whale the other date is not.
The two dates are superimposed using either a stereoscope or a zoom transfer
scope. The cloud-free summer date provides the interpreter with information
primarily on the various vegetation/terrain communitee (which impnr^ the way
in which snow appears from the air), and also on aspect and eIc 	 both
of which are very important in the manner in which snow appears. By
combining these two images optically the interpreter can better estimate
why the snowpack appears as it does on the LANDSAT imagery. The result is
that accurate and consistent snow areal extent estimates specific to
The work reported on in this section is considered to be complementary to,
and not duplicative of, work currently being performed by NASA/Goddard
personnel under the title 1iGSFC Snow Mapping ASVT".
isT
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given sample units are possible.
At the time of a LANDSAT overpass low altitude aerial photography is
flown over randomly selected transects in the appropriate watershed. The
image sample units as they appear on the LANDSAT imagery are transferred
to the aerial photography.
Estimates are then made of the percent of snow on the ground as it
appears on the aerial photography in each ISU. These estimates are placed
into the five snow cover condition class categories used for the
preliminary part of this study. Approximately fine-half of the image
sample units as they appear on the aerial photography are used in the
training of the interpreter, the other one-hall' to be used for the testing
of the interpretation.
The interpreter, thus armed, views the training image sample units
on the two dates of LANDSAT imagery. He uses the snow cover condition
class estimates on the training ISU's found on the aerial photography to
guide the training. Once trained, the interpreter then interprets the
guidded LANDSAT winter data (with the summer date superimposed) image
sample unit-by-image sample unit except for the training ISU's. Some of
the image sample units he interprets are those found on the supporting
aerial photography for testing. The interpreter's classification of these
"testing" ISU's on the LANDSAT imagery is then statistically related to
the snow cover condition class estimate on the "testing" ISU's found on
the aerial photography by a ratio estimator statistic. This statistic
is then used to correct the interpreter's estimate of the areal extent of
snow from LANDSAT data.
The test area used for the areal extent of snow analysis was the
Feather River Watershed in the Northern Sierra Nevada, California, Three
dates in the spring of 1973 were analyzed: April 4, May 10, and May 18.
The areal extent of snow results along with accompanying confidence intervals
are seen below in table 2b. For a more complete treatment of this
technique and the results see the May 1975 section of this NASA Grant report.
Current research activities involve the refinement and expansion of
this areal extent of snow estimation technique. Since the preliminary
investigation provided variances of the estimate,such factors as sampling
rate (of low altitude aerial photography) and optimal grid (or ISU) size can
be calculated by testing this procedure over more dates and more areas.
Further studies comparing the other various methods of areal extent of snow
estimates can be compared to allow potential uses to choose the method
which best suits their cost and accuracy needs.
i
2b.2.1.3 CONCLUSIONS
	 1
Much of the U.C. Berkeley research already completed in areal extent'
of snow estimation may be considered operational depending on the actuali
needs of the particular user. However, in many cases not even the user
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knows what accuracy or cost requirements are applicable for this parameter.
Further investigation in both the manual and computer-aided anal ysis of
areal extent of snow is needed to be able to present the user a choice in
athe level of sophistication he needs or can afford.
Several facts seem evident from the research completed to date. The
double sampling method which in tffect "calibrates" the hANDSAT imagery
;y	 provides an extremely good way of analyzing the data. The general approach
multistage sampling, has been used successfully in several other remote
sensing research experiments involving manual and computer-aided analysis.
Therefore, it seems likely that tb's or a similar sampling system will be
used for the remainder of the areal extent of snow research.
The design of this project facilitates the performance of valid
statistical analysis. This is extremely important so that future results
from different appro-.ches can be-analyzed with respect to prior research.
Confidence interval, were applied to all areal extent of snow estimates
thus providing accuracy of results figures.
Probably the greatest advantage of this approach is that it not only
corrects the interpreter's snow areal extent classification, to plot/ground
values based on testing results, but it also minimizes variation in final
classification results between interpreters. Thus, a consistent result
can be expected even though areal extent of snc4 estimation is performed
on different areas by different interpreters.
Ultimatel , , it is the user's data requirements that determine the
weight assigned to the snow areal extent and snow water content parameters.
The image sample unit grid system, however, provides a flexible and
convenient base on which to build a whole variety of snow and non-snow
u.	 parameters. The following section deals with snow water content estimation,
and how areal extent of snow estimation is used for that purpose.
2b.2.1.4 FUTURE RESEARCH
Up to this date reseaach into areal eaten€ of snow estimation has been
conducted almost exclusively in the manual phase. As more parameters (such
as vegetation/terrain classification, elevation, aspect, precipitation, soil type,
and image digital reflectance values, etc.) which impact snow cover
are used in the estimation procedure it becomes necessary to use analysis
systems which can handle all of the data conveniently. In this regard, the
digital nature of the LANDSAT date along with the large amount of parameters
n..	 potentially useful for classification dictate a compuLer-aided :	 ch to
analysis.
The actual extent to which computer-aided analysis will be used can
only be determined by research. The possibility exists for manual/automatic
analysis where the interpreter may analyze a computer generated enhancement
thus making optimal use of human and computer abilities. By design, the
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automatic computer-aided approach will follow the same approach as employed
in the manual method. In the manual interpretation, image sample units of
approximately 400 hectares each were analysed for snowpack based on
LANDSAT reflectance values, underlying vegetation/terrain feature, elevation,
and aspect. The computer-aided analyses will .look at small Mocks of
pixels and analyse each based on the above parameters and possibly others.
This design allows accurate comparison to be made of the various systems
useful in estimating areal extent of snow.
The tentative outline for the completion of current and future research in
areal extent of snow estimation can be found in table 2b.2.-
i
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TABLE 2b.1
A Partial List of Investigators* Using or Performing Research
on Areal Extent of Snow
School of Renewable Natural Resources, University of Arizona, Arizona
QF
Water Resources Research Institute, University of Wyotaing, Laramie, Wyoming
Institute of Water Resources, University of Alaska, Fairbanks, Alaska
Remote Sen..ng Research Program, University of Caiifornia, Berkeley, California
Geology P partment, University of Maryland, College Park, Maryland
Department of Geography, University of Zurich, Zurich, Switzerland
x
NASA/Goddard Space Flight Center, Greenbelt, Maryland
United States Geological Survey
M.W. Bittinges and Associates, Inc., Fort Collins, Colorado
Snow Surveys Branch, California Department of Water Resources, Sacramento,
California
Snow Survey Unit, Soil Conservation Service, U.S. Department of Agriculture,
Denver, Colorado
Bonneville Power Administration, Portland, Oregon
National Weather Service
Corps of Engineers, North Pacific Division
National Oceanic and Atmospheric Administration, National Environmental
Satellite Service
Participants in the "Workshop on Operational Application of Satellite
Snowcover Observations", August 10-20, 1975 at the Waystation, South
Lake Tahoe, California. NASA/Goddard Space Flight Center in cooperation
n^	 with General University Extension, University of Nevada, Reno.
1s
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TABLE 2b.2
Snow Quantification Snow Areal Extent
1975	 1976	 1977
	
I.	 Manual Analysis
A. Refine and
Optimal Grid Size, Sampling
Rate, Stratification, Snow
Cover Class Size, Procedure
Efficiencies
B. Demonstration of Techniques
over more years are more dates
C. Determination of Impact on
Water Yield Forecasting Error
1. Regression Equations
2. Interfacing with more
complex models
D. update Cost Analysis
E. Technology Transfer
1. California Cooperative
Snow Survey
2. Others
	
II.	 Automatic Analysis
A. Multidate Discriminant
Analysis
B. Data Bank Snow Quantity
Determination
C. Sampling
D. Impact on Water Yield
Estimation
F. Technology Transfer
tI	 !	 ^	 ^	 f
2b.2.2	 SNOW WATER CONTENT ESTIMATION
2b.2.2.1 Objectives and .lustificat!on
The immediate objective of the U.C. Berkeley Snow Water content
research is to determine if LANDSAT data and a small calibrating sample
of snow course measurement data can be readily integrated into
operational snow quantity estimation schemes. The goal of this integra-
tion would be to provide less costly, more accurate, and potentially
more frequent estimates of watershed snow water content than available
through current forecasting procedures. The second objective of this
study is to determine if this remote sensing-aided snow quantification
approach will yield more accurate, less costly, and more timely (i.e.
quicker) estimates of water runoff.
The basic analysis framework, first data set results, and discussion
for the immediate snow water content objective were given in Chapter 6
of the May 1975 Annual Progress Report for this NASA grant. Results
reported there indicated substantial improvements in snow water content
estimate and/or cost reductions could be obtained with LANDSAT data used
as a supplement to current ground sncw course measurement procedures.
As noted in the May report, such improvements could provide
substantial additional forecast information to water forecasting agencies.
This situation is especially true in the Sierra hydrologic system, where
snow melt provides a majority of the runoff. Adequate snow water content
information is therefore especially important in water supply foreL.A ing
models for such environments. Currently the California Cooperative Snow
Surveys (CCSS), a state agency involved in water supply forecasting, is
cooperating in this research. 	 It Is anticipated that the resulting
procedures/results will also be tested with the Federal-State River
Forecasting Center's (RFC) water yield model via a coordinated effort
with the U.C. Davis Algazi group.
Beneficiaries of this information would also include users of snow
melt rvriff water, viz: farmers, ranchers, industrial plants, and
homeowners. Improved knowledge regarding the future availability of water
for these groups would statistically tend to reduce momentary losses
incurred by their assumptions that either more or less water would be
available when in fact the actual situation turned out to be otherwise.
This report will concisely review the on-going and projected research
effort as in remote sensing--aided snow water content estimation technique
development. Interfaces with other investigators, user organizac;ons, and
general runoff prediction will also be discussed.
2b.2.2.2 General Approach
The approach to remote sensing--aided snow water content estimation
under development and evaluation in this study may be summarized as follows:
a
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The estimate may then be related by regress'on equations directly to basin 	 -
water yield for a given period. Or the estimate may be used as another
predictor variable in curren t_ snow survey or river forecast organization
runoff prediction equations.
Performance ( Estimate Adequacy) Criteria
Performance criteria for this snow water content estimation procedure
consist of an estimate precision versus budget schedule and a timeliness
factor. The greater the precision for a given budget and the more
quickly the estimate is available, then by definition the greater the
performance or capability of the system. Performance will also be
• 4
judged by the improvement in precision and reduction in possible bias
with which water yield is estimated.
2b.2.2.3 MATERIALS AND METHODS
As already discussed, the LANDSAT-aided snow water content estimation
system used in this study is known as a stratified double sample. Its
objective is to combine snow water content information for the whole
watershed, as obtained inexpensively from LANDSAT data, with that
gained from a much smaller and more expensive sample of ground-based
measurements at snow courses. image sample unit costs and accuracies
are derived from concurrent RSRP work in the Spanish Creek Watershed, a
sub-basin within the Feather River Basin.
The stratified double sampling plan is described mathematically by
Thomas and Sharp (1975). The manual method can be summarized in eight
steps described below.	 An automated method under consideration involving
replacing the first three steps with digital analysis of LANDSAT data
and/or using of a computer data bank approach for determining snow water
content on a sample unit basis, (see sections ).
Step 1: Create LANDSAT color composites with appropriate image
sample unit (ISU) grid over waters',ed(s) of interest. Black-and-
white LANDSAT transparencies are o^tained and transformed into a
simulated infrared color composit^e(from Katibah, 1973). 	 In the
color--combining process, an ISU grid is randomly placed over each
image so as to cove7 the watershed of interest. ISU°s in this
study represented areas of about 400 hectares (98 r, acres). The
Feather River Watershed covers approximately 780,000 hectares.
Step 2: Estimate snow areal extent by LANDSAT ISU for
previous year(s) or current season snow build-up dates. Each ISU
Is interpreted manually as to its average snow areal extent cover
class according to a snow environment-specific technique developed
by Draeger and Lauer (1973) and extended by Katibah (1975).
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Sample Design and Measurement
A stratified double sample procedure is used to develop a basin-wide
estimate of snow water content. Under this approach, snow water content
information for the whole watershed, as obtained inexpensively on a
sample unit basis from LANDSAT data is combined with that gained from a
much smaller and more expensive sample of ground-based measurements at
	
"	 snow courses (see f= igure 1). The result will be a basin-wide estimate
of snow water content based on LANDSAT data calibrated by regression on
snow course data. Since much of the watershed snow water content varia-
tion is accounted for by information gained at the first or LANDSAT
sample stag e, overall estimate of basin snow water content is possible
at significantly more precise levels than available for the same cost
from conventional snow course data alone.
The sequential sampling/measurement process proceeds by first
locating a sample grid over the watershed. Snow areal extent estimates
are quickly made for each sample unit by manual and/or automatic
techniques for the previous snowpack build-up dates and then for the
specific forecast dates. These snow areal extent data are then combined
by a linear (and/or more complex realistic) model to generate a snow
water content correlated index parameter specific to the forecast date
for each sample unit. All watershed sample units are then sorted Into
	
v..	 classes (or strata) according to the relative size of their calculated
snow water content index.
Specification of the desired basin-wide snow water content estimate
precision and level of confidence, together with a determination of the
available budget allows a calculation of the necessary ground subsample
size. Ground snow water content measurements are then allocated to
LANDSAT-based snow water content-index strata according to weighted random	 j
stratified sampling procedures.
i
Regression relationships are developed between the LANDSAT snow water
content index data and the ground snow water content measurements. These
equations are then used to correct ail LANDSAT data to ground values of
snow water content. The ground corrected values of LANDSAT-based snow
water content Information in each stratum or class are added to give a
total basin-wide estimate of snow water content together with an associated
p recision statement.	 I
i
Outputs and Their Applications
The proposed LANDSAT-aided snow water content estimation system is
designed to generate an estimate of total watershed snow water content
and an associated statement of precision for a given forecast period. 	 1
i
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Step 3: Estimate snow areal extent by ISU for LANDSAT snow
season forecasting date of interest.
Step 4: Transform snow areal extent data to snow water content
data by LANDSAT ISU. Snow water content is estimated from the
following first case, time specific model:
	
J	 --
^^
	
X I "j = i	 (M i j) (G j ) KI
where X I
 = estimated snow water content Index for image sample
unit 1, correlated to corresponding actual ground snow water
content data,
M lj = snow cover midclass point based on photo Interpretation;
expressed on a scale of 0.00 to 1.00 for image sample
unit i on the jth LANDSAT snow season date,
G. = weight assigned (0.00-1.00) to a past M
	 according to
the date of the current estimate,
	 1J
K I = the number of times out of j that sample unit i has
greater than zero percent snow cover, and
J = total number of snow season dates considered.
To Insure reasonably high correlation between X, and corresponding
snow water content values, there usually should be at least
three snow season dates considered (j> 3);. Normally, one or two
dates of LANDSAT imagery would be required during the early snow
accumulation season. Occasionally, j may be only two, such as
when the first date consists of an April lst snow water content
map based on the past year's LANDSAT data . In all cases the
sample unit grids on all dates must be In common register with
respect to a base date grid location (see Figure 2b.1).
Step ,: Stratify ISU's into LANDSAT snow water content
Index classes, if not already performed. Then calculate by
stratum the number of ground sample units (GSU's) or snow courses
required to achieve the allowable error criteria for the basin
snow water content estimate. The number of required ground samples
may be determined (Thomas and Sharp, 197$) for individual strata
according to the snow survey direct cost budget for the watershed
of interest and according to the following stratum specific
statistics: relative stratum size, LANDSAT snow water content
variability, LANDSAT to ground snow water content data correlation,
and LANDSAT to ground sample unit cost ratio. This study employed
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six snow water content index strata, with water content index
values ranging from less than 0.1 to over 8. Such stratifica-
tion was used to control the coefficient of variation of the
overall basin snow water content estimate.
Step 6: Allocate the CSU's calculated in Step 5 among
snow water content strata with equal probability within strata
in accordance with stratified random sampling requirements.
The following table summarizes the number of image and ground
sample units required in each of six snow water content strata,
covering the Feather River Watershed, given a cost per ISU
of 15^ and a cost per GSU of $150.
LANDSAT
Snow Water 1 2	 3 4 5 6
Content Stratum
Snow Water
Content	 Index 0.00- 0.10- 0.35- 1.00- 3.00-
>5.00Range 0.10 0.35 X1.00 X3.00 5.00 TOTAL
No. of LANDSAT
ISU's Examined
in Watershed 503 614 205 393 220 283 2,218
No.	 of	 ISU's
Visted on
Ground 0 3 1 7 4 11 26
TABLE 2b.3
Step 7: Calculate the estimate of watershed snow water content
according to a summation of strata-wide snow water content estimates
generated from regression equations relating the LANDSAT snow water
content index data In each stratum to the corresponding sample of
ground snow water content measurements.
Step 8: Enter the basin snow water content into statistical
or physical models to predict water yield. For example, the
watershed LANDSAT-aided snow water content estimate could serve as
a predicting variable in a regression equation developed to sredict
water runoff.
The test and development procedure for Step 8 is presently conceived
as a two phase procedure. The first phase involves relating the predicted
basin snow water content for a given forecast date directly to snow melt
runoff for a selected period of time. This relationship will be
formulated by a simple regression analysis. The second, more sophisticated
i
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phase of runoff analysis, will be to employ resulting snow water content
estimates in current empirical and physically realistic runoff models
presently used by water ylLld forecasting agencies. In both cases the
partial correlation between snow water content and runoff will be
determined. The improvement In runoff prediction precision and
reduction in forecast error and direct estimate cost by use of the
remote sensing-aided estimate of snow water content will be examined in
the case of water yield forecast model types presently in use.
The automated approach to snow water content estimat ; ng would
involve a computerized procedure employing discrimi::--r+t analysis and
real-time data bank technology. It results in discriminant analysis of
LAND SAT digital data together (optionally) with topographIc and climatic
data planes as can be combined through stochastic and/or deterministic
functions to arrive at sample unit by sample unit snow water content
correlated index estimates. Remaining steps in the procedure are
unchanged.
The lost, and certainly very important, aspect of this research
involves a dialogue and interaction with potential user agencies. As
mentioned earlier, such a feedback process currently exists between
U.C. Berkeley and the CCSS. The first objective of such Interaction
includes refinement of the snow water content technique itself so as
to maximize the benefits to that user. This effort involves an
examination of technique modification so as to most easily incorporate
the LANDSAT--aided approach into user work procedures. The second
aspect of this projected effort involves the actual transfer of this
technology to users such as the CCSS Program and the RFC. Tra`ning and
feedback programs with these groups will be a necessary part of such
a task in order to insure a workable operational methodology.
2b.2.2.4 RESULTS
Results to date indicate a correl-tion coefficient of .8 - .85
between LANDSAT snow water content index data on a sample unit basis and
corresponding ground snow water content measurements. Factor of two
cost or precision improvements for estimation of basin-wide snow water
content using LANDSAT-aided versus conventional snow course measurement
systems appear possible in.some circumstances.
The LANDSAT-aided system has yielded relatively precise estimates
of total watershed snow water content. For the current $4,200 monthly
snow survey CCSS budget value specific to the Feather River watershed,
the LANDSAT-aided approach estimated true basin snow water content to
within ^-3.6% ninety-five times out of a hundred (see Chapter b of
the May 1975 Grant Annual Progress Report).
Results of snow water content estimation on more dates over more
seasons are presently pending. Also pending are the LANDSAT - aided systems
impact precision, cost, accuracy improvements on water yield estimation
i
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`	 and the impact of automatic techniques In the first three steps on
snow water content estimation.
2b.2.2.5 DISCUSSION/CONCLUSIONS
The results obtained to date indicate substantial potential cost
and/or precision advantage to be gained by use of convention ground
measurement snow course data integrated in a doub l e sampling framework
with LANDSAT-derived information. It is expected that further improve-
ments in watershed-wide snow water content estimate precision can be
obtained by optimizing Image sample unit size and utilizing more snow
accumulation/melt environment-specific manual or computer data bank-
mediated snow quantity decision rules.
Forthcoming results of LANDSAT-aided snow water content estimates
on water .yield prediction performance/capability in terms of cost,
precision, and accuracy should provide further guides for optimization
of the foregoing procedure. In addition, precision/cost relationships
during other seasons and other years must be obtained to demonstrate
the consistency of the results. Ultimately, user feedback and
interaction will be Instrumental in the test and evaluation procedure
as well as in refining the techniq • ie for operational use.
The LANDSAT-aided snow water content estimation system under
development and evaluation in this study offers several additional
possibilities for future snow survey work:
One biproduct of the LANDSAT-derived image sample unit data is an
in-plac-:^ mapping of snow water content with respect to known
melting environments and stream channels. Such time- and place-
specific snow melt records could be used to aid in the selection
of new snow course sites or in the placement of automatic snow
sensors. Snow pack and relative stream channel position data
could also be used In refined models of runoff timing.
Human and automatic analysis of daily environmental (meteorological)
satellite data, when correlated with less frequent LANDSAT and
ground data, offers the possibility of extremely frequent watershed
snow water content updating.
Hydrologic models of the future will conceivably integrate remote-
sensing and meteorological data with automatic ground-based snow
sensing equipment. Real-time information eventually could he
generated for entire watershea or subbasins, depending on the need
to assess the impact of a major storm or a minor subdivision.
The continued refinement of remote sensing-aided snow water
runoff estimation procedures is likely to be a necessary input
into future water resource management practices.
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This study suggests that remote sensing promises great potential
for aiding in the snow water content estimation process. These findings
are farther enhanced by the fact that snow water runoff is one of Ehe
major sources of water supply within the California Water Plan, as
well as in man; other parts of the world. Improved methods of
identifying, monitoring, mapping, and modeling our snow water resources
at this time can lead to improved methods of predicting and managing
this resource in the future.
2b.2.2.6 RECOMMENDATIONS FOR FUTURE WORK
In order to demonstrate to the research and user community the
feasibility, utility, and reliability of the proposed LANDSAT-aided
snow water content estimation procedure the following tasks should be
initiated or crmpleted In the coming year.
1. The LANDSAT-aided snow water content estimate versus
budget schedules, and LANDSAT snow water content Index
to ground snow water content values correlation coefficients
should be determined for several different hydrologic years
and dates within hydrologic years..
2. Cost, precision, and accuracy affects of the LANDSAT-aided
basinwide snow water content estimate on water yield
prediction in both short run and longer run forecasting time
frames should be determined. Both simple regressing and
more complex (CCSS, RFC) water forecast models are projected
to be examined,
3. Problems associated with the incorporation of the LANDSAT-
aided system in operational (user organization, e.g. CCSS or
RFC) snow water content estimation and/or water yield
forecasting should be identified and solutions proposed,
then tested.
Of second priority in this on-going snow water content research are
the following tasks:
1. Im H ovement of snow water content estimate precision by
statistical optimization -if sample unit grid size, snow water
content strata thresholds, and/or specification of more
environment-specific manual snow quantification decision rules.
2. Further development of automated sample unit-specific
automated snow quantification procedures. This effort would 	
3
parallel the computer data bank approach to snow areal extent
estimates described in section 	 where LANDSAT digital
data subjected to discriminant analysis is combined through	 i
physically realistic algorithms with topographic and climatic 	 I
data to produce snow quantity values. Methods similar to the 	 s
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automatic analysis for remote sensing-aided evapotranspira-
tion estimation described in section 	 would also be used
to -etermine if additional gains in precision, accuracy
and reduction in costs might be gained by introducting of
automatic techniques.
3. Development and evaluation of frequent watershed snow
waxer content updating with manually or automatically
analyzed environmental (meteorological) satellite data
correlated to LANDSAT and ground data is a potentially
important additional research task.
4. Development of microlocation-speciflc (in-place) snow
melt runoff models using melting environment and stream
channel juxtaposition sample unit data available through the
LANDSAT-aided system is another area promising significant
results. Use of such environmentally-specific sample unit
data In further runoff calibration of current ground snow
measurement sites or allocation and calibration of new
1 °fixed" automatic sensors is another possibility.
a..
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Figure 2b.1 Stratified Multidate LANDSAT data plane calibrated by snow course measurements
for watershed snow watq content estimation.
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2b.2.3
	 COMPARITIVE COST-EFFECTIVE ANALYSIS
2b.2.3.1 Background
Comparative evaluation of snow water content estimation procedures
is an explicit and integral part of the U.C. Berkeley snow research
project. The original objective for this work, stated in the May 1974
Annual Progress Report (Thomas et al.), is "to determine if remote sensing
can be cost-effectively integrated with data presently used in the
California Cooperative Snow Surveys (volumetric) model to produce
potentially more precise and accurate estimates of water supply' s (emphasis
added).
The side-by-.side comparison of the operational and LANDSAT-aided snow
water content estimation systems was facilitated by a blending of
statistical and economic theory. Multistage sampling enables an investi-
gator to calibrate a large number of low-cost orbital observations with a
small number of ground-based observations. Optimal sample sizes were
derived using a stratified double sampling scheme, as previously described.
The statistical concepts of coefficient of variation (CV) and
allowable error (AE) help provide a common measure of relative performance
between the competing snow water content estimation systems. Coefficient
of variation describes a sample's data dispersion about its mean.
Allowable error extends the CV concept by enabling a researcher to make a
probabilistic statement concerning the precision of an estimated value.
This is done by defining a confidence interval about the estimated mean
in which the true value will fall a specified portion of the time. Cost-
effectiveness analysis is a public investment appraisal technique that
offers a means of evaluating relative performance in terms of both
precision and cost. It helps a decision-maker answer questions about how
to achieve a given set of objectives at the least cost, or conversely,
how to obtain the most effectiveness from a given set of resources.
Unlike benefit-cost analysis which attempts to quantify in commensurable
monetary terms both the benefits and costs stemming from alternative actions,
cost--effectiveness analysis allows the use of multiple, non-commensurable
measures on the benefit side. Economic benefits are stated in terms of
cost savings. This study emplx*:ys one variant of cost-effectiveness
analysis, known as a "system comparison study", to make a side-by-side
comparison of operational and LANDSAT-tided snow water content estimation
systems.
C
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Figure 2b-2 illustrates a comparative cost-effectiveness framework
by showing the effect of technological progress on the cost-capability
"frontier" of an existing production system. The frontier FOF0 shows
the maximum capability that can be expected from the present system at a
given level of budget. A system producing on the frontier is defined as
"cost-effective" because a decrease in cost is not possible without a
decrease in capability. A technological advance would not beneficially
alter this relationship: the cost--efficient frontier would be pushed
out to some new set of points FIF I . A point Pp on the old frontier F0F0
would not represent an inefficient pattern of production. A set of
points in the shaded area of Figure 2b-2 would represent an improved return,
with cost-efficient points now lying on FIFI between Pl and P2. The
effect of technological progress thus ranges between equivalent capability
at a lower budget (Pl) and greater capability within the same budgetary
constraints (P2).
COST-EFFICIENT FRONTIER
NEW TECHNOLOGY
P2	 FI
^^.. '	 P	 Fo
J kp	 po COST-EFFICIENT FRONTIER
OLD TECHNOLOGY
tZ
0	 F F0
b I 	 bo
BUDGET AMOUNT
FIGURE 2b.2 EFFECT OF A TECKNOLOOICAL ADVANCE ON A COST-CAPABILITY
PRODUCTION FRONTIER
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2b.2.3.2 MATERIALS AND METHODS
Design and evaluation of a LANDSAT-aided approach to snow water content
estimation required a thorough examination of the currently operational
system. The California Cooperative Snow Survey (CCSS) program, the
principal source of water supply forecasts in California, was examined both
qualitatively and quantitatively.
The stated objective of the CCSS program is to 'reliably predict the
state's snow-melt runoff as necessary to meet the annual operating needs
-	 of California's waver using agencies". Since 1929, the Department of
Water Resources (DWR) has coordinated California's program of snow surveys
and water supply forecasting. Around fifty cooperating agencies including
the DWR participate in the program, providing services, materials, and
financial support for snow survey work throughout the state. Data from
show course measurements, aerial marker surveys, and automatic sensors are
combined by the DWR's Snow Surveys and Water Supply Forecasting Branch
with precipitation, runoff, and water storage data. Water runoff forecasts
are the major output of this process. They are provided for twenty
California watersheds in which snowmelt constitutes a significant portion
of annual water yield. The forecasts are published in DWR Bulletin 120
titled "Water Conditions in California" and issued five times a year.
Cooperating agencies in turn apply the Bulletin 120 forecasts to their
own water management programs. Within the entire CCSS program, snow water
content must be viewed as an i^termediate output. The snow water
content index is, however, a major predictor variable and input to CCSS
watershed-specific water yield prediction models. (Thomas et al., 1974).
Cost or precision improvements in this variable can be expected to
translate directly into improvements in water yield forecasts.
Annual costs for the entire snow survey and water supply forecasting
activities of the DWR are officially budgeted at around $300,000. The
DWR estimates (very roughly) that CCSS program cooperators contribute
unaccounted services valued at around $200,000 a year. This implies an
"unofficial" snow survey and forecasting annual budget of around $500,000.
Program costs within the budget are allocated about 50:50 between
survey support and forecast activities.
CCSS program budget information, although useful for examining the
snow surveys production process as a whole, does not reveal much about the
costs of producing intermediate outputs like .snow water content measurements.
Moreover, cost estimates were needed for producing these outputs in the
Feather River Watershed study area, rather than for the entire state.
Based on 1974 survey information and discussions with DWR personm-1, it was
determined that the average direct costs of the two survey tyl,,• ..Lffer
by about a factor of ten:
Aerial marker survey measurement visit M$15
Snow course survey measurement visit & $150
ly
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Snow aerial marker visits are relatively inexpensive because a skilled pilot
can photograph many markers in a short period of time. Snow course
visits, because they require detailed ground measurements, cost much more,
ranging from around $60 each for the most accessible courses to well over
$200 for remote courses accessible only by foot.
Estimates of indirect costs are much harder to derive than direct
costs. The object in this study was to isolate those indirect costs
associated with the production of snow course measurements. Indirect costs
were d;.stinguished in the following DIVR snow survey activities:
Coordination, communication, preseason setups, equipment acquisition and
maintenance, training, and formal publication of measurements. It was
determined that indirect costs amounted to roughly one-third of the
direct costs associated with the snow :survey efforts. For the Feather
River Basin in 1974, with 3 aerial marker visits and 125 snow course visits,
total survey costs (C FRB ) were estimated as follows:
CFRB '^ 1.33 (3($15) + 125 ($150))
CFRB ~ $25,000
By assuming a uniform distribution of direct and indirect costs over
the snow sampling season, it is possible to estimate how much of the annual
snow survey budget is consumed in a "typical" snow survey month. April
and May care considered typical survey months in this study. A monthly
proportionality factor was derived for April and May and applied to the
basin total cost budget (Thomas and Sharp, 1975). The monthly direct costs
allocated to survey work were estimated to be roughly $4,200.
Ideally, this study would compare the existing DWR CCSS volumetric
water yield model with an identical model augmented with remotely-sensed
snow survey information. In reality, this study isolates those portions
of the CCSS model that can be compared with LANDSAT-derived snow areal
extent information developed in the University of California, Berkeley,
Remote Sensing Research Program (RSRP). The analysis here thus compares
the relative abilities of two systems to generate an intermediate output--
basinwide snow water content. Since this output is utilized similarly
in both systems to predict water runoff, a common measure of relative
system performance is possible. Snow water content estimation errors in
either system will affect corresponding runoff forecasts in a similar
manner. Both are intended to characterize, at least in part, the snowpack
variability as it relates to water content.
The methodology underlying the LANDSAT--aided snow water content
estimation system was described in Section 2b.2.2. The system is L__.igned
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to generate an estimate of total watershed snow water content and an
associated statement of precision, i.e., reliability. The estimate
may then be related by regression equations directly to basin water
yield for a given runoff period. Or the estimate may be used as
another predictor variable in current snow survey runoff prediction
equations. The desired result is that, after calibration by
regression of LANDSAT data on snow course data, an overall estimate of
basin snow water content is possible at significantly more precise
levels than available for the same cost from conventional snow course
data alone.
Determining costs in the LANDSAT. -aided snow water content estimation
system involves mixing costs developed in both the operational and
LANDSAT-aided approach. Since the collection of water content samples
at snow courses is an activity common to both methods, it was possible
to apply the same set of costs per ground sample unit. The unit costs
of typical snow course measurement visits were estimated earlier at
$150. Aerial marker measurements visits do not constitute a
significant portion of the snow survey budget within the Feather River
Basin.
Costs per image sample unit, applicable to only the LANDSAT-aided
survey system, were developed along with the sampling methodology
described previously. They are derived from actual University RSRP
Snow survey work using 2218 ima,,e sample units in the Feather River
Watershed. The average cost for each ISU was 13.6, of which about
10^ went toward interpretation and keypunching. The above sample
allocation calculation instead used ISU's costing 15^ each. Since most
of the processed and unprocessed imagery is useful for later training and
comparative analysis, an amortization factor was applied. It was
assumed, for example, that two out of three dates of imagery developed
f-)r one location would be usable over a total of five separate occasions
(Thomas and Sharp, 1975).
2b.2.3.2 RESULTS
Use of the allowable error (AE) formulation described earlier permits
a direct cost - capability comparison of the two snow water content
estimation systems. For the LANDSAT-based sample sizes, AE's were
calculated for monthly direct cost budgets o f $1,000, $ 3,000, $4,200,
$5,000 and $7,000 at confidence intervals ranging from 80% to 99%. For
the CCSS system of snow water content estimation, AE's were calculated
at four confidence levels on a monthly direct cost budget of	 100.
Results for the 95 percent confidence level are shown below in figure
2b-2, a diagram analogous to Figure 2b--3. The results may he looked at
f
l
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from two viewpoints: either cost savings, or increased precision.
Figure 2b-3 permits a cost comparison of the two production systems
at many levels of effectiveness. One production possibility of the
existing system is represented by point PO at the $4,200 monthly direct
cost budget level. Point Pi identifies an output of similar precision
and accuracy in the LANDSAT-based system. The cost advantage per snow
survey month is represented by the horizontal distance between PD and Pl.
In this case, the LANDSAT-based system shows approximately a $2,300
savings over the existing system of snow water content estimation.
Extrapolated over the full range of survey months, this would imply a
savings of around 50 percent over the existing annual snow survey budget
for the Feather River Basin.
±5
±10
}15Q	 F
±20
FEATHER RIVER BASIN 1973
R	 F,
Pi	
Po^
^LANDSAT-	 CCSS
AIDED	
SAMPLI NG
SYSTEM
	
SYSTEM
0	 1	 3	 1 5
	 7
4.2
MONTHLY BUDGET (11000)
^E ALLOWABLE ERROR AT 95% LEVEL OF CONFIDENCE
FIGURE 2B-3	 COST-CAPABILITY COMPARISON OF SLOW WATER CONTENT
SAMPLING SYSTEMS
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Advantages of the LANDSAT-aided system are also apparent on the
capability or effectiveness side. At the $4,200 budget level, the
proposed snow water content estimation produced results approximately
1.8 times more precise than the existing system.
In general, the LANDSAT-aided system yielded relatively precise
estimates of total watershed snow water content. For a $4,200 monthly
budget, this approach estimated true basin snow water content to within
± 3.6% ninety-five times out of a hundred. The precision of basin
snow water content estimates could be improved still further by using
techniques that increase the correlation of orbital to ground snow water
content estimates. Smaller image sample units, more environment-
specific snow class interpretations, and automatic processing of satellite
digital data are some of the more promising of these techniques.
2b.2.3.4 DISCUSSION
Without question, the foregoing results appear very promising.
Extreme care nevertheless should be exercised in interpreting them. Just
as the snow water content estimation methodology is built on a
first-case model, so that evaluation rests on a foundation of preliminary
cost estimates and approximations. Quantitative statements, in other
words, generally imply some sort of inherent qualitative judgments.
A perceptive interpreter will automatically employ this caveat when
examining cost and precision figures.
Even when these find i ngs are treated as tentative and first-case
results, however, it is difficult to overlook the magnitude of the cost
and capability improvements demonstrated by the LANDSAT-aided snow water
content estimation system under study. The results could be described
as an impelling reason to continue the activities proposed in Section
2b.2.2. Additional research now in progress and planned for the forth-
coming year is expected to test and verify many elements of the cost-
effectiveness analysis performed to date. Future work in developing
water content estimation methodology will hP accompanied by corresponding
refinements in evaluation procedures.
2b.3	 REMOTE SENSING-AIDED EVAPOTRANSPIRATION ,ESTIMATION SYSTEM
2b.3.0	 INTRODUCTION
Water vapor is the principal participant in the many energy exchanges
taking place in the atmosphere. These energy exchanges are responsible for
the weather phenomena which serve as important links connecting the various
phases of the hydrological cycle.
Quantification of the water flux mechanisms, viz, evaporation and
evapotranspiration (which includes active plant water loss), is of importance
in many scientific fields. They form one of the main components of the
water budget, knowledge of which is indispensable for the solution of
numerous water management problems. Reliable evaporation data are required
for planning, designing and operating reservoirs, ponds, shipping canals
and irrigation and drainage systems. Data on evapotranspiration are
useful for estimating irrigation requirements, rainfall disposition, safe
yield of ground water basins, water yields from mountain watersheds, stream
flow depletion in river basins, and in vegetation management for fiber
production. Evapotranspiration is especially important in arid zones where
water must be used in the most efficient way possible. In addition, know-
ledge of the water requirement of crops depends partly on an accurate
determination of the loss of water by evapotranspiration from cultivated
fields.
In view of the overriding importance of evapotranspiration to
accurate basin water yield estimation and to other water consumptive use
determinations, any cost-effective, precise evapotranspiration estimation
system would be of significant '. lity to a water manager. Remote sensing
techniques may provide the ke -:o ,uch a system's data requirements.
Its timely, spatial, and	 inexpensive nature when combined with
other conventional meteorological data can potentially give rise to
accurate, location-specific estimates of evapotranspiration.
Moreover, current water yield estimation pro^ednres such as the
California River Forecasting Center model can incorporate evapotranspira-
tion estimates. It is therefore the purpose of this section to lay the
foundation for a remote sensing-aided methodology for accurate and
efficient watershed evapotranspiration estimation.
2b.3.0.1 Objectives
One objective of the current NASA Grant water supply in the Feather
River Watershed is to develop a general evapotranspiration estimat n.
procedure utilizing remote sensing data. This method will be part of the
larger water loss estimation procedure designed to produce more precise
estimates of water yield. Additionally, the evapotranspiration estimates
r
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will be applied to more efficient wildland vegetation management, including
vegetation establishment and silvicultural treatment.
_.	 2b.3.0.2 Test Site Location
Similar to the case of snow areal extent methodology development, it will
be efficient for initial tests of the technique to be performed on the
Spanish Creek Watershed. Application of the estimation procedure to the
entire Feather River Watershed is to be considered later.
2b.3.0.3 Definition
Evaporation may be defined as the transfer of water vapor from a non-
vegetative surface on the earth into the atmosphere. Evapotranspiration is
the combined evaporation from all surfaces and the transpiration of plants.
Except for the omission of a negligible amount of water used in the
metabolic activities, evapotranspiration is the same as the "consumptive
use" of the plants. The fact that the rate of evapotranspiration from a
partially wet surface is greatly affected by the nature of the ground
leads to the concept of potential evapotranspiration. Pen,;ian (1956) defines
potential evapotranspiration as "the amount of water transpired in unit time
by a short green crop, completely shading the ground, of uniform height
and never short in water." Recently, Pruitt (1960) designated the
term "potential maximum evapotranspiration" to describe the situation when
advected (horizontal movement of energy through the atmosphere surrounding
the plant) energy is present.
2b.3.1 MATERIALS & METHODS
A multistage, multiphase sample design will be utilized to estimate
watershed evapotranspiration water losses. Basically, there are three
increasingly resolved levels of information, each of which is sampled.
The first level is composed of satellite and topographic data. Vegetation,
terrain and meteorological types of information are defined for a convenient
base resolution element, in this ease a small group of LANDSAT pixels.
Based on this information associated with each base resolution element,
an estimate of evapotranspiration is made for that location. The
appropriate evapotranspiration equations, defined as Level I models, must
be able to perform adequately on this "least resolved" information
available from the first data level. Adequate performance is defined as
a generation of evapotranspiration estimates strongly correlated to actual
ground-measured or ground-based Estimates of evapotranspiration.
After an estimate of evapotranspiration has been made for each basin
resolution element, the resolution elements (here 3 x 3, 4 x 4, -1 5 x 5
blocks of pixels) are grouped into primary sampling units (PSU's). Based
upon the variability among PSU's, a sample of these units will be selected
within each stratum for further sampling. Selection may be with probability
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to estimated size of evapotranspiration within given PSU's. Within each
PSU selected, a series of secondary sampling units (SSU's) will be
define,. and photographed at large scale with light aircraft. The
photographic SSU data along with nearby snow course and ground station
calibrated meteorological satellite data will provide the second level
of information resolution.
At the SSU stage of the sampling design, much more specific information
concerning local vegetation canopy, soil, and locate climatic conditions
will be available as opposed to that obtainable from information at level
one. Thus level two evapotranspiration models employing more data types
and more refined data will used to generate evapotranspiration estimates
for each PSU.
A sample of two of the SSU's per PSU selected will then be randomly
(equal and/or unequal probability) chosen for further analysis on the
ground. For each of these SSU's selected, detailed ground measurements
will be made of vegetation canopy geometry, color etc. as well as of
soil and litter-organic debris conditions. The detailed data from this
third level of information will then drive evapotranspiration prediction
models. Since estimates of evapotranspiration will be for the entire
ground area of the SSU photo plot, this third stage unit (TSU) will
actually comprise a double sample of the SSU's. Figure 2b.4
summarizes the sampling concepts and terminology in the preceding
discussion.
The full watershed estimate of evapotranspiration can then be developed
by first using the ground based evapotranspiration estimate to calibrate
the SSU estimate deri.,ed from photo data. The calibrated SSU estimates
can then be expanded to the PSU stage by utilizing the SSU selection
weights developed earlier. Finally, PSU evapotranspiration estimates can
be expanded, each over the appropriate stratum, and then to the entire
watershed by applying the PSU selection weights (proportion of evapotranspi-
ration in the given PSU relative to all other PSU in the watershed)
originally calculated. In this way, a cost-effective combination of an
increasingly smaller sample of more precise and more expensive information
levels can be utilized to give basin-wide watershed estimates.
Figure 2b.5 shows the multistage estimation equation that will
be used to combine data from levels I, II, and III in order to generate
an estimate of watershed-wide evapotranspiration. Term definitions are
summarized in Table 2b.4.	 The procedure defined by the ET equation in
Figure 2b.5	 is as follows. First the ground-based estimate of
evapotranspiration, yij, for the jth SSU of the ith PSU is inflated by
division with pij (the proportion of evapotranspiration estimated frv'a
level II data to occur in the 4th SSU of the it PSU relative to the sum
of ET determined for all photo SSU's in the i th PSU). After multiplica-
tion by the ratio of the average segment area (A i ) to its corresponding
plot area (a), this inflated ground ET value represent, an estimate of
4^t
i'
s:
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FIGURE 2B.4 -- EVAPOTRANSPIRATION SAMPLE .DESIGN TERMINOLOGY
Information
Level	 Sample Unit	 Sample Design Level Comments
1 PSU STAGE I All PSU 's in watershed
have evapotranspiration
estimates made based
Multistage portion	 on a summation of00	 0 0 o a o c	
of sample design	 evapotranspiration estimates
for LANDSAT resolution
elements occupying each
' PSU. A sample of the
PSU's is selected for
further sampling
PHOTO SSU	 STAGE ]I	 All SSU's within a se-
lected PSU have evapo-
PHASE I	 transpiration estimates	 r
made based on surface
characteristics interpreted
from the photography
Multiphase or double
	 }
sample portion of
sample design
I	 RFPRO.-L)U^;J.^^_.;'I'Y OF THE
I (	 ORIGR4AL PAGE IS POOR
Stage I
PSU
Grid over
watershed
FIGURE 2a,5
Multistage E T Estimation Equation
and Corresponding Sample Frame
ET= nn. 	a' x---'
i- l P;	 lE{D}	 P'j
P! = nE T;	 ETi= ET based on level I data
ETi
	ETij = ET based on level II data
yij = ET i1 = ET based on level III data
E Til
^j =	 ETij
	
I	 I	
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Stage II
0 0 '' C^ D U O U 0 0 0 4^mi SSU
	
A	 A	 locations
I.:i mi
	
within
 s	 PSU
Two photo SSU's
selected for ground
sampling
2b-34
TABLE 2b.4	 Description of Multistage ET Estimation
Equation in Figure 2b
n	 = number of PSU's sampled (5).
Pi	= probability of selection of the ith PSU
ni	= number of SSU's selected within ith PSU (2)
3E N = the set of SSU's selected in each sampled PSU
A.	 = area of the section within which SSU is locatedI
a	 = area of SSU
Yij	 = ground ET estimation for the jth SSU of the ith PSU
p..	 = probability of selection of jth SSU for ground measurement
ET	 = average evapotranspiration estimate for the entire watershed
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total evapotranspiration for the i th PSU.
These PSU ET estimates are made for each ground measured SSU in the
ith PSU. Ground visited SSU's in a given subsampled PSU, are defined to
compose the set D. Summing over these ET estimates for each SSU in the
set D and then dividing by, ni, the number of SSU's in set D of the ith
PSU, then gives an average estimate of PSU evapotranspiration. The steps
just described are indicated within the bracketed expression of the ET
equation in Figure 2b.
Once an average evapotranspiration estimate has been derived from
level I and level 11 data, for each of the small number of PSU's subsampled,
then each such value must be inflated to a watershed-wide ET estimate.
This is done, as shown in Figure 2b.5 by multiplying the bracket
quantity by pi . There pi represents the proportion of evapotranspiration
in the ith PSU eased on level I information relative to the sum of
evapotranspiration from all PSU's in the watershed. The wate-.­sAed-wide
evapotranspiration estimates thus gained for each PSU selected for sub-
sampling are then summed. This sum is next averaged by dividing by n,
the total number of PSU's selected for subsampling. The result is the
average watershed-wide estimate of evapotranspiration.
Sampling theory allows a derivation of an estimate of variance for the
above watershed ET estimate. Multiplying the result standard error by an
appropriate Student's-t value gives a confidence interval half-width
( a statistical statement of estimate precision) to be associated with
the estimate.
The true value of evapotranspiration from the watershed is then
expected to lie within plus or minus the confidence interval half-width
of the ET estimate a given number of times out of a hundred (e.g. 90)
with specified confidence probability (e.g. .95).
2b.3.1.1 Recommended Models for Level I
These models will utilize the first level of information resolution
and provide the first estimate of ET for the appropriate PSU's.
Empirical and semiempirical formulas will be applied in thin level.
These formulas t rill be modified based on the measured values of
evaporation data. in the watershed of interest. The input for these models
come primarily from LANDSAT, environmental (meteorological) satellites.,
ground meteorological stations, and digital topograhic data. The
variables to be derived from these data for the above models are surfci:e
temperature (daily average, minimum, maximum), all radiation component,
relative humidity, precipitation, and cloud cover. The models based
on the following equations are being considered for thi.; level.
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Jensen and Haise Equation
The Jensen and Haise (1963) equation uses total short-wave solar
radiation (Rs), (expressed in inches of evaporation equivalent) as its
climatic factor and a dimensionless crop coefficient (ET/Rs) to
reflect the effect of crop type and stage of growth, as well as climatic
factors not accounted for by solar radiation. Thus:
ETp = (ET/R5) RS
In addition, the equation
ETp = (0.014 T - 0.37) Rs
is presented, where ETp is potential evapotranspiration in inches, T
is mean daily temperature in °F, and R s is total solar radiation in
inches of evaporation equivalent.
Hargreaves Equation
Hargreaves (1956) developed the equation
E  = 0.38 (1-0.1Hn) D (T-32)
Where Ev is Class A pan evaporation in inches, D is a monthly daytime
coefficient defined as the ratio of the daylength for the month to
12 hours Hn, is the monthly relative humidity at noon (humidity at
1:00 P.M. can also be used satisfactorily), and T is the meant monthly
temperature in °F.
Mathison (1963) plotted relative humidity against temperature
differences. The line of best fit can be expressed by the equation:
H  = 113 - 2.5 (QT)
in which AT is the difference between the mean maximum and minimum
temperature in °F.
AT = T (max.) - T (min.).
All the formulas in this method are based on 60 miles of wind
movement per day. Evaporation increases or decreases about 9% with each
30 miles per day increase or decrease in the wind.
Blaney - Criddle Equation
Blaney and Criddle (1950) developed the equation
e = k (tp) (114-h)
.	 2b-37A...
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twhere a is monthly evaporation in inches, k is a monthly coefficient,
t is the mean monthly temperature (°F), p is the monthly percentage
of day-time hours in the year, and h is the mean monthly relative
hwnidity in percent.
Turc Equation
Turc used the equation
Cu =	 P
P 2 a
0.9 + 2
L
in his method where L = 300 + 25T + 0.05 T 3 . T is the mean annual
temperature in °C, p is annual precipitation in milimeters, and Cu is
consumptive use in milimeters.
2b.3.1.2 Recommended Models for Level II
The basi.; for the evapotranspiration models to be applied to the
second level of information resolution is that of energy conservation,
which is a proven law of thermodynamics. For this l evel, the energy-
balance method will be combined with other methods for consideration of
vegetation canopy effects and advected energy processes. The objective
of the model applied at level II will be to capitalize on vegetation
canopy, geometry-composition, and other surface data available from
aerial photography tc provide improved evapotranspiration estimates for
the appropriate photo SSU's. The following models are being examined
for application:
Priestly and Taylor Model
Priestly and Taylor used the equation
E = L S+y ( -C)
for estimation of evapotranspiration over the surfaces where surface
resistance was expected to be negligibly small. In this equation s in
slope of saturation carve versus temperature, y is psychrometric constant,
RN is net radiation, and G is heat flux into the soil. The best value
of a was found to be 1.26. This estimate of a was found to be 1.2c,. This
estimate of a is the overall mean of land and water surface.
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McNaughton and Black Model
The best potential evapotranspiration relationship that was suggested
by Mc'Naughton and Black (1970) is
PE = 1.05	 S	 CRN-G) + 0.17 GIL
	
L	 S+Y
where PE is potential evapotranspiration, L is latent heat of water, s is
slope of saturation curve versus temperature, Y is psychrometric constant,
RN is net radiation, G is heat flux to the soil, and GIL is gross
interception loss.
Modified McIlroy and Slatyer
The following equation was used by Mclllroy and Slatyer to estimate
actual evapotranspiration (E).
	
E u
	
E(pot)
—y— h1 + s+Y x hi
where Y is psychrometric constant, s is slope of saturation vapor pressure
curve versus. temperature, h, is transfer coefficient, h i is molecular
diffusion of water vapor through stomata, and 
h 
represents the canopy
effect on the amount of actual evapotranspi- i
ration. This equation will be modified to use some other terms for the
canopy effect.
Linacre Modal
A semi-empirical method of evapotranspiration is derived by Linacre
(1967) through the combination of Penman's method and solar radiation
equations. Linacre considered the forest canopy as impeding the loss
of water by means of two resistances. The canopy resistance, rc, which
is a function of canopy structures and its properties, and aerodynamic
resistance, ra, which is a function of the canopy - atmosphere interface.
The combined equation is:
s
A +Cp ' Q " 
ra
r
+ Y +Y c
r
a
in which Qn is the difference between downward: and upwards radiation fluxes;
C  is the specific heat of air at constant pressure; p is the air
density; y is psychrometric constant; s is saturation deficit, and o is
the change of water vapor pressure with temperature ;n ambient conditions.
LE =
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FThe variables to be estit ,iated for input to the level II modals are
much more canopy and ground surface specific than those required for
level one. In general., input variables to be applied in level II must be
determined more precisel y
 and more frequently as well. Data requirements
include temperature, humidity, and wind value profiles in the soil surface-
vegetation zone. Wind friction velocity, rainfall, ground cover, and
topograhic data may also be considered. These canopy data requirements
will be fulfilled in large part through large scale photographic measure-
ments collected from photo second stage sampling units and calibrated by
corresponding ground data. Canopy-top meteorological data will be
obtained as in level 1, viz, through meteorological satellite data
calibrated by ground station information and by microclimatic functions
extrapolating satellite and ground data values to SSU's of interest.
Vertical meteorological variable profiles within the canopy will be
generated from canopy--top data according to canopy geometry functions.
2b.3.1. 3 Recommended Models for Level III
The third informat^fn resolution level in the remote sensing-aided
evapotranspiration estimation system will allow application of the
practical as well as the most sophisticated models. The approach will be
to select and develop those evapotranspiration estimation equations
which are most rational and phy:;ical in terms of the actual processes
involved. A combination of empirical, energy balance, and aerodynamic
methods will be examined for this level.
In addition, a new operational model will be developed and tested
against other techniques. It will be based on a combination of
methods using radiation energy and temperature as primary variables
(e.g. Jensen and Haise equation) and on methods considering vegetation
canopy effects and aerodynamic resistance (e.g. Priestly and Taylor
equation, McNaughton and Black equation). This new model will be
constructed so as to take best advantage of the data gained through
remote sensing and ground sampling.
'b.3.2 RADIATION
Of the tremendous quantity of radiant energy emitted by the sun, only
a very small portion is intercepted by the earth and its atmosphere. This
small portion is the ultimate source of the earth's energy. This amount
of incident radiation is known as the solar constant which is defined as
the intensity of solar radiation received on a unit area of a plane
normal to the incident radiation at the outer limit of the earth's
atmosphere with the earth at its mean distance from the sun. The value of
the solar constant is generally taken to be 1.94 Langleys per minus which
is based on the 1913 Smithsonian standard scale. Recently there has been
evidence that this value is too low and a value of 2.00 ly/min has been
offered (Miller, 1951).
P
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The portion of the solar radiation which actually reaches the earth's
surface depends upon the transparency of the atmosphere. Some of the
incident solar radiation is reflected, some scattered, and some absorbed
"
	
	 by the atmosphere. In the absence of clouds these amounts are relatively
small and quite constant. The atmospheric transmission coefficient
varies from about 80 percent at the time of the winter solstice to about
-"
	
	 85 percent at the time of the summer solstice. Atmospheric transmission
coefficients are based on the total insulation received at the earth's
surface and include both the direct and difussed radiation.
By far the largest variation (in the portion of solar radiation
transmitted by the atmosphere) are caused by clouds. The transmitted
radiation varies with type, height, density, and amount of clouds. 	 The
"-	 quantitative consideration will be discussed later. Since clouds are
such a powerful controlling factor in radiative heat exchange, other
minor factors such as humidity of the air are often ignored.
Similar to the cloud effects, the forest canopy exerts a powerful
controlling influence on net allwave radiation exchange in evapotranspira-
tion. However, the forest canopy has a different effect than that of
clouds, particularly with respect to shortwave radiation. While both
the clouds and trees restrict the transmission of insulation, clouds are
highly reflective, while the forest ca_lopy absorbs much of the insulation.
Consequently, the forest canopy tends to be warmed and in turn gives up
a portion of the energy for evapotranspiration.
2b.3.2.1 Definitio-Ls
Total incoming solar radiation (I $ H) is defined as the direct (I) and
diffused (H) shortwave radiation reaching the ground through the atmosphere.
Some of this incident radiation is reflected back to the atmosphere (R),
whim is called reflected radiation, and the rest is absorbed by objects
on the earth's surface. Part of the absorbed radiation is dissipated
to the atmosphere as longwave radiation (G). In turn, a portion of this
s,
	
	
dissipated longwave radiation is absorbed by the clouds and atmosphere
particles and part of it is returned to the ground (A). This returned
longwave radiation from the atmosphere to the ground (A) is called
atmospheric radiation. The difference between upgoing (G) and atmospheric
(A) longwave radiation may be defined as the nr:t ;.ongwave radiation.
Net radiation (Qn), as it is shown in the following equation, is the sum
of net shortwave radiation (I+H--R) and net longwave radiation (-G+A).
Qn = (I+H+R) +(A-G)i
The reflection or albed.:^ is the ratio of reflected to the i,icident
radiation, usually expressed as a percentage. Fable 2b.5 	 gives
albedos for the total range of solar radiation and in some cases for the
i i	 s	 i
L^1
1
f'
I
t
3
visible electromagnetic range only. The figures giver. in this table
illustrate what can be observed directly from an airplane. The sea
appears darkest, relative to white strips of surf and sand dunes. Woods
show up darker than fields, and snow covered areas are light. One can
see here how the absorption capacity for incident solar radiation varies
and how this affects the whole heat economy and therefore evaporation
and evapotranspiration. Albedo is influenced not only by the nature of a
surface, but also by its moisture content at any time, i.e., wet
surfaces appear darker than dry surfaces.
2b.3.2.2 Determination of Net Radiation Flux
The net radiation flux Qn, may be calculated from the equation
Qn
 = (1= a) Q s
 ` 1 nLI
where is albedo, Qs is the total flux of shortwave radiation from the
sun and the sky, and QnL is the net upward flux of longwave radiation
computed as follows:
QnL = QLd - QLu
QLd = 0.971 x 10 -10 Tk _ 0.245 (cal. cm . -2 min - 1)
QLu= 0.813 x 10-10 Tk (cal. Cm-2 . min-1)
Where QnL is the net flux of longwave radiation in cloudless conditions,
QLd is the downward flux of longwave radiation from a clear sky (derived
from the formula of Swinbank, 1963, (T k ) i s- the ambient temperature in
degrees of Kelvin and QLu is the upward flux of longwave radiation from a
surface with unit emissivity (Linacre, 1968). Then
QnL QnL [b + (l -b) N^
where there are n hours of actual sunshine in a daylength of N hours.
The term b has been taken to be either 0.10 (Penman, 1948), 0.20 Krasner,
1957), 0.24 (lmpens, 1963), or 0.30 (Fitzpatrick and Stern, 1965); a value
of 0.20 may be adopted as a compromise (Linacre, 1968). Combining
these equations
QnL - (-0.245 + 0.158 x 10
-10 Tk) (0.2 - 0.8 R) in cal. Cm-2 . min
Qn = (1-a) Q S - 1(-0.245 + 0.158 x 10-10,x,4) (0.2 + 0.8 )1
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TABLE 2b.5
Stand Albedo Percent Source
Fresh snow cover 75-95 Geiger
Dense cloud co:rea7 60--95 T°
01d snow cover 40-70
Clean fire sr.orr 50-65
Ice, sparse snow cover 69 Smithsonian
table
Clean glacier ice 20-50 it
Light sand dunes, surf 30-46 Geiger
Sandy soil 15-4 t'
Meadow and fields 12-30 to
Meadow, low grass 15-25a Smithsonian
table
Field, plowed, dry 20-z;5a it
Densely built-up area 15-25 Geiger
Woods 5-20
Dark cultivated soil 7-10
Douglas-fir 13-14 Avery
Pine 14 Brooks
Conifers 10-15 Budyko
Deciduous forest, fall 15a Krinov
Deciduous forest, summer 10a "
Coniferous forest, summer 8 to
Coniferous forest, winter 3a It
PaA=Anw Ary araSC ,a It
Stand
	
Albedo Percent	 Source
Concrete road	 35a	 Krinov
Buildings	 9a	 "	
1
Mountain tops, bare	 24a
Clay soil dry	 is 	 Sewing Handbook
Clay soil wet	 7.5a
Clouds, stratus overcast,	 5-63
0-500 feet thick
Clouds, stratus overcast, 	 31-75
500-1,000 feet thick
i
Clouds, stratus overcast,
1,000-2,000 feet thick	 59-84
Clouds, dense, opaque 	 55-78	 "
Clouds, dense, nearly
	 44
opaque
Clouds, thin	 36-40
Clouds, stratus, 600-	 78
1,600 feet thick
Clouds, stratocumulus	 56-81
ov e-rcast
Clouds, altostratus, 	 17-36
occasional breaks
Clouds, altostratus, 	 39-59
overcast
Clouds, cirrostratus and	 49-64
altostratus overcast
Clouds, cirrostratus	 44-50
overcast
Whole earth: From measurements on the bright and dark portions of the moon,
Danjonb has calculated the albedo of the earth in the visible
portion of the spectrum at 39 percent. Fritz c has extended
the calculation to include infrared and ultraviolet radiation,
obtaining a total albedo of the earth of 35 percent. Baur
and Philipps d hav,. calculated the 	 total albedo to be 41.5 percent	 ,
avisual albedo
b
Danjon, A., Ann. 1 1 0bs. Strasbourg 3, No. 3, 1936, P. 139
cFritz, S., Bull. Amer. Meteorol. Soc., Vol. 29, 1948, p. 303;
Vol. 31, 1950, p. 251; Journ. Meteorol., Vol. 5, 1949, p.277
dBaur, F., and Philipps, H., Gerl. Beitr. Geophys., Vol. 42, p.160
i
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Table 2ba6 Published values of the FPctors c and d in equation (il)
O
O
5i^rce
	 Locat:cn Latitude Period of Means c d ctd I	 c d c [d	 Latitude
{1)	 (2) (3) (4) (5) (6) (7) {8) (9) (10)	 (11)
31ack etal	 (1954) I Stock.holm,Falrbarks 59,65 °N I	 month 0.22 0.52 4.74
Monteith	 (iy66i I'e -Witk 60 °N j	 day 0.23 0.56 0.79
Penrran(19 1+8) Rothamsted, U.K. 52 °I i	 month 0.18 4.55 0.73
°afar an.±	 Robertson( I -963) Canada 52°N day 0.25 0.62 0.87 0.21 0.55 0.76 54°
black
	
.-	 al	 (1954) Kew,	 L' - K. Sl'N month 0.19 0-57 0.76
wan	 Wijk	 (:953) Gembloux 51°N month 0.15 0.54 0.63
Versaiiies 491N month 0.23 0.50 0.73
Ta ner and Peitor,{1960) Wisconsin 43°N - 0.18 0.55 0.73
do	 4illele	 (1965) El	 Aouina 37°N 10 days 0.28 0.43 0.71
de dries	 (:958'0 Denilrqu:n 36 °s day 0.27 0.54 o.81
Danagnez
	
(1963) 'jni5ia 35°N - 0-16 0,59 0.75 0.23 0.53 0.76 3 6°
Prescott,
	 (1540) ! Canberra 350S month 0.25 0.54 +0.79
Black	 et	 al	 (i954) i Dry ~reek 350S month 0,30 0.50 0.80 1
Page	 (1961) Capetown I	 34 0 s month C.20 0.59 0.79
Glover	 (1958) ' Durban 30°5 day 0.25 0.50 0.1-6
Yada	 (1959) Oelhi 29°N week 0.31 0.46 0.77
Glover	 (1953) Pretoria 260S day 0.25 0.50 0.7; 0.28 0.49 0.77 24 0
"	 " Windhoek 230S day 4.26 0.52 0.78
Paee	 (1965) Tananar;-,e 19°S :aonth 0.30 0.48 0.78
Smith	 {1954) Jamaica 18°N day 0.31 0.49 0.80
Fitzpatrick	 (1967) Kimberley IV S day 0.33 0.43 0.76 1
ca r -ett	 (1964) Central	 Africa 15°S - 0.32 0.47 0.79
Page	 (1961) Dakar 15°N month 0.10 0-70 0,80 0.26 0.50 0.76 ^3s
Yada	 ( 1 ;59) MaCras 130N wet.	 •. 0.31 0.49 0.80
Davies	 (1965)	 1 nano 12°N month 0.26 0.54 0.80
Smith	 (1964) Trinidad ll'N day 0.2? 0.49 0.76
Stanhill	 (1963, Benin City a 7°N week 0.26 0.38 0.64
Davies	 (1965) Accra 6°N month 0.34 0.37 0.67Black	 at
	 al	 (1954)
Page	 (1561)
Batavia etc. 6°5 month 0.29 0.29 0.58
Leopoldville 405 month 0.21 0.52 0.73
:,lover
	 (1958)
Singapore
Kabete,	 Kenya
	 ^
I
1 °N
I°S
month
10 days
0.21
024
0 43
0.59g
M3
0.69
pp gg
HA
0.25 0.44 0.69 ^	 30
Page
	
(1961) Stanleyville °N1 rr- nth 0.. 28
^
Rijks
	
(196+)
	
I Kampaia 00 aay 0.24 C.46 0.70
Mean Values 4.245 0.507 0.752
HoL:nam	 {1963) A%,stralla 12- 43 °s Ith 0.26 0.50
Davies	 (1965) Wetc Africa 5-15 N t 0.19 0.64
Mack at a:	 (1954) general - month 0.23 0.48
Pace	 (1561) tropics - month 0.23 0.52
Turc	 (1961) general - month 0,18 0.62
+Davies ( 1 965) gave 0.28 and 0.33 for c and d respectively
SOURCE: Linacre.	 1968
1^
!	 F	 1	 ^	 I ^	 !	 f
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TABLE 2b.7,	 Available Meteorological Data in Ground Meteorological
Stations within the Spanish Creek Watershed.
UTM (x10 3 )
Station	 lat
	
lat
	 X	 Y	 Dates of data
Quincy 120057' 39055' 675.63 4422.57 72, 75 t& 75$
Greenville 120056' 40008' 675,19 4445,11 72 *& 75t
Boulder Creek 120037' 40012' 703.25 4452.34 72* & 75t
Mohawk 1200 38' 39047' 702.62 4406.53 72* & 75t
Camel Peak 121006' 39043' 662.84 4398.22 72 & 75t
Smith Peak 120032' 39052' 711.32 4415.75 72 & 75^
= Wet bulb temperature, dry bulb temperature, daily temperature
relative humidity, precipitation, and wind speed and direction
t = Daily average temperature, relative huumidity, precipitation,
and wind speed and direction.
= Wet bulb temperature, dry bulb temperature, daily average
temperature, evaporation, precipitation, cloud cover, and day
length.
1!y
I
Satirce Location Latitude Period of Means c d ctd c d z td' Latitude(1) (2} (3} {4) t5) .t6) `.	 (7) (8) (9) (10) (11)
Black et.al
 (1954) Stockholm,Falrbanks' 59:65 °N month 0.22 0.52. 0.74
Monteith 0166) La-wick. 60°N day 0.23 0.56 0.79
Penman	 (19 45) Rothamsted, U.K.. 52 °N month 0.1$. 0.55 0.i3
Baler and Robertson(1963) Canada 52..°N day 0,23 0.62 0;87 0.21 Q.:5.5 0.76 540
Black et ai. 	 (1954) Kew,	 1l..K. 51ON month 0.19 0.57 0.76
Van wijk (1963) Gembloux: 51 °N month 0.1:5 0.54 0.69
Versa i I I es 49" N month 0.23 0.50 0.73
Taaner and Pei ton {1960) Wisconsin 430N 0.18 0.55' 0.73de Villele
	 (1965) £l Aouina 370N 10 days 0.2$. 0.43 0:71
de Vries	 (1958) Denili.quIn 360S day C.27 0.54 0:81
Oanagnez (1963) Tunisia 35°N 0.16 0. 59 L..75 0.23 0.53 .. 0.76 ..36°
Prescott,	 (1940) Canberra north Q.25 0.54 0.-
Black or a!	 (1554) 3ry Creek 350S month 0.30 0.50 0,80
Page:	 (1961} Capetown 313°5 month 0.20 0.59 0.79
Glover
	
(1958) :. Durban 300S day 0.25 ia.50 0.76
Yada	 (1959) Delhi 29°N week 0.31 0.46 0.77
Moyer (1958) Pretoria 26°S day 0.25. 0.50 0.75. 0.28 0.49
.
0.77 24°{i	 11 Windhoek 23 °S. day 0.26 0,52, 0.78
Page	 (1961) Tananarive i9 °:S month 0.30 0.48 0 .78 jSmirh
	 ( 1564) Jamaica IB°N day 0.31 0.49 0.80 f
Fitzpatrick	 (1.967) Kimberley 16°S day. 0.33 Q.43 0.76 is
Cac:ett
	 (1964) Central Africa 150.S 0.32 0.47 0..79
Page (1961) Dakar 15°N month 0.10 0.70 0..80 0.26 0.50 0.76 I30 .Yada .
 (1959) Madras. 13°.N week 0.31 0.49 0,.80
DaVI05	 (1. 965) Kano 12°N month 0.26 0.;4. 0.80Sr,i[h	 {I964) Trinidad..	 , H ow day. 0.2,, 0 .49 0:76
Stain111:11	 (1963) Ben in Citya 7°N week 0.26 0.38 0..1
Davies	 (1965)•
a!	 {1954}
Accra
Batavia 'etc.
6..°N
6°S
month {3.311 0.37 0.67
Page
e	
(1 9 61)1 Leopoldville 4 9S
month 0.29 0.29 0.58
^^	 n
Singapore 1°N
month 0.21 0.52 0.73
0.73Glover (1958) Kabete, Kenya l ot
romth
10 days
0.21
0.24
D.413
0. 0. Q.25 0.44 0.69Page { 1961)
.
Stanle vibeY I °N month
.
0.28 0. 99 0.	 9
Rijks	 (1964) Kampa:ia. 0.0 0.46 0 .70 .
0.507 0.752bean Values . 0.245
}iounam (1963) dustra lla 12-43°S month Q.26 0.50
Davies: (1965). west Africa 515 N month 0.19 0.60
Black et al	 (1954) general - month 0.23 0.48
page (1961) trOpiC9:
- month 0.23 0.52
Turc	 (1961'} general. - month 0.18 0.62
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The value of Qs is estimated by Linacre (1967 by means of the modified
Angstrom equation
Qs = RA (c + d N)
where QA is the value of Qs above the atmosphere c and d are empirical
constants, n and N are as previously defined. n is measured and values of
N depend on the latitude.and time of year, and are available in tables
(Smithsonian Institution). The same applies to values of extra-terrestrial
radiation intensity, QA. The values of n may be gained through remote
sensing techniques. Normally, however, is measured in the field. Table 2b.6
shows the values for c and d. Linacre's equation is not exact because it
doesn't allow for the varying importance of cloudiness at different times
of the day.
Equation (11) has been found satisfactory by several investigators
(Black, 1956, Abdel-Aziz, 1964 and Linacre, 1967). Stanhill (1965)
found the estimated weekly values of Qs were within 60 of measured values,
which is comparable with the errors inherent in actual measurements.
2b. 3.3 RESULTS
The topographic data collection for Spanish Creek watershed has been
completed. These data include elevation contour lines, vegetation-terrain
analysis mpas, slope and aspect. Based on LANDSAT data the elevation,
albedo and vegetation maps of the study area are shown in Figures 2b-6, 2b-7,
and 2b-8 respectively.
One of the level I ET models has been evaluated . based on the ground
meteorological data shown in table 2b-7. The watershed-wide distribution
of temperature and relative humidity are shown in Figures 2b-9, and 2b-10
respectively. The evaporation estimation based on the temperature, relative
humidity,daylength coefficient and another constant coefficient based on
vegetation type and cover is shown in Figure 2b-11. Based on Blanney-
Criddle model it could be primarily concluded that the major modification
is needed in order to be able to apply this particular model to the watershed.
The Jensen and Haise model seems more promising and will be evaluated
shortly.
t
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Figure 2b.6 Electronically produced display of elevation in feet (MSL) over
the Spanish Creek Watershed. This elevation output was produced by computer
interpretation between a sample of elevation points located on ridge tops,
valley bottoms, and major changes in slope.
Blue = 3080	 Yellow green = 5460
Purple = 3650	 Yellow = 6030
Blue green = 4220	 Red = 6600
Green = 4790	 Grey = 7170
White = 7640
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Figure 2b.7 Electronically produced display of albedo based on the manual
vegetation/terrain classification of LANDSAT data over the Spanish Creek
Watershed.
Slue = 5
Blue green = 7
Green blue = 9
Green = 10
Yellow = 11
Orange - 12
Gray = 13
Violet = 14
Purple = 15
White = 20
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Figure 2b.8 Electronically produced display of vegetation classification
over the Spanish Creek Watershed based on manual interpretation of
LANDSAT data.
Blue = water
Bluish green = meadows
Blue green = brush
Dark green = east side mixed conifers
Green = red fir
Light green = Lodge pole pine
Dark brown = wet site hardwood
Gray = dry site hardwood
Brown = grassland
Yellow = high altitude mixed conifer
Orange = low medium altitude mixed conifers
Purple = serpentinitic jeffery pine and incense cedar
Light purple = pervious area
White = bare ground
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AFigure 2b,9, Mean monthly temperature in F for August 1972, based on the
spatial interpolation of ground meteorological data, over the Spanish Creek
Watershed.
Blue = 79 Yellow = 83
Blue Green = 80 orange = 84
Green Blue = 81 Purple = 85
Green = 82
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Figure 2b.10. Mean monthly relative humidity in percent for August 1972
based on spatial interpolation of gromid meteorological data, over the Spanish
Creek Watershed.
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Figure 2b.11 ' Areal distribution of evaporation in inches of water for
August 1972, Spanish Creek Watershed, based on Blanney-Criddle Equation.
Light purple = 16.13 Gomcu = 17.10
Medium purple = 18.27 Blue Green - 17.45
Dark purple = 18 ' 30 Dark Blue - 17'87
Darker purple -	 16 ' 47 Saturated blue = i7.84
0rooQe - 16.50 opaque blow - 17'88
Yellow - 16 ' 65 White = 18'08
orange yellow -	 16'67
Gray = 16.87
Dark Green - 18'90
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2b . 3. 4 SUMMARY/CONCLUSION
The problem of obtaining an estimate of evaporation from an area
is a very difficult task in most instances and is often simplified by
using representative point estimates in catchments (watersheds) or
sub-catchments. The estimation of areal evapotranspiration is more
difficult because of evaporating surfaces diversity in most
watersheds, and the consequent need for a proportionally large number
of ET measuring points, which are often expensive to install and
maintain. The use of remote sensing techniques, combined with a limited
number of appropriate ground measurements, could solve some of
these areal estimation problems cost-effectively.
The remote sensing-aided system developed by RSRP to estimate
evapotranspiration is designed to give timely, relatively accurate,
cost effective evapotranspiration estimates on a watershed or sub-
watershed basis. The system employs a basic two stage, two phase
sample of three information resolution levels to estimate this
important water yield-water use related quantity.
A necessary documentation of assumptions, structure, and
limitations of current evapotranspiration models has been performed.
Based on this analysis recommendations have been made concerning the
applicability of these models to evapotranspiration estimation at
various information levels corresponding to given stages and phases of
the sampling design. Factors affecting evapotranspiration have been
identified. Current data sources and available data types necessary
to support evapotranspiration estimation are listed.
Based on the foregoing design, documentation, and feasibility
analysis, work is now proceeding to implement the remote sensing-aided
system. Effort will be focused on refining the sample-design, developing
in detail the supporting data flow mechanism, gathering'additional
data, and modifying the evapotranspiration models for their respective
information levels. These modifications will be based on the performance
of the proposed ET models at their information resolution level. Model
performance will be evaluated relative to observed evaporation data
and point-estimations of actual evapotranspiration data. These point
estimations of actual ET data are based on energy-balance (with or
without Bowen ratio) utilizing the measured values of the input variables
on the ground. The energy balance method has repeatedly been ;mown	 !
to be a reliable and conservative method of determining evapotranspiration
for periods of time as short as one hour.
-i
r
Net radiation is the key quantity in the energy-balance equation,
and the degree of accuracy obtainable by the method depends mainly on the
accuracy with which this can be measured. Although national networks for
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the measurement of total radiation have expanded steadily in recent years,
the measurement of net radiation has not followed at the same rate. Two
good reasons for this are the fragility of the equipment and the
difficulty of determining a representative surface.
The input data for models requiring spatial information will be
provided by a computer-aided databank. The RSRP software for this
databank, known as MAPIT, will allow a geometrically coincident combination
of LANDSAT-related data, environmental satellite data, ground meteorological
station data, ground sample unit information gathered by RSRP and
others, and topographic data.
Input data sets and evapotranspiration estimate output will be
coordinated with concurrent sensitivity analyses of State of California
water yield models performed jointly by the Davis and Berkeley NASA
Grant groups. Initial data set location will be specific to the
Spanish Greek Watershed, a representative subarea of the Feather River
S4atersheJ. Latex expansion to the entire Feather River Watershed, the
NASA Grar.t water supply test site, will occur after the economical
testing on the smaller basin is completed.
The final product will be a documentation of any improvements in
k	 accuracy, timeliness, and cost considerations for the determination of
water yield attributable to the remote sensing-aided evapotranspiration
estimation system. Results will be specific to the state-of-the-art
hydrologic models under examination.
I
i	 2b.3.5	 FUTURE ,RESEARCH
The evapotranspiration future research are as follows:
^.,	 1. Continuation of Climatic Data Collection for the various information
levels.
t^
t	 2. Comparison of performance of level I models and selection of the
most fitted model to the watershed.
3. Application of level II models and selection of a representative
model for level II.
j+ 4. Development and application of level III models.
S. Collection of Profile Climatic Data for the estimation of actual
site-specific forest evapotranspiration to be used as a 1• -5e for
modification of ET mccels.
6. Application of radiation models and its comparison with the
measured values.
7. Application of ET model results as an input to the operational
hydrological models and performance of a sensitivity analysis for
effect of ET on the water yield. estimation.
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2b.4
	 IMPERVIOUS SURFACE AREA ESTIMATION
2h.4.1
	 INTRODUCTION
The water impervious surface area (ISA) is an important parameter
in estimating water runoff, ISA's may be described I as those areas
which exhibit almost instantaneous runoff into adjacent areas and
stream channels when precipitation Occurs. Areas of this nature include
lakes, bogs, swamps, bare rock surfaces and outcroppings, compacted
soil, and paved areas (urban regions). Each of these areas may be
classified as "hard'* or permanently impervious surfaces. Meadow areas
are areas which become impervious surfaces upon saturation; these
temporarily impervious surfaces will be referred to simply as meadow ISA's.
Stream channels and areas of riparian vegetation are areas impervious
to precipitation most of the time (Kirkby, 1971). These areas, another
type of temporarily impervious surface, may be classified as."soft" ISA's.
For the most part, these hard, meadow, and soft ISA t s represent a
small portion of any watershed. The dominant portion of any basin
consists of those areas which may be called pervious surface areas
(PSA's), into which precipitation usually infiltrates and begins -a
slow process of throughflow and sub-surface infiltration. An important
aspect of these PSA's is that, upon saturation either from a very long
period of precipitation or from the rate of precipitation being greater
than the rate of infiltration, these areas exhibit a phenomenon known
as saturation overflow which will rapidly increase the amount of water
entering the drainage system during a precipitation input. For this
reason, knowledge of areas of different types and rates of throughflow
is very important in making water runoff predictions. The procedures
which we are about to describe have been designed to be applicable to
both ISA and PSA estimations, but this study shall address primarily the
former.
2b.4.2	 -MATERIALS AND METHODS
The method employed in this study has been designed to accurately
and cost-effectively estimate the hard, meadow and soft ISA's in such
a manner so to be statistically applicable in water-yield estimation
models. A multi-stage sampling approach is a fast , step-by-step method
of analysis at ever increasing levels of accuracy, in which each step
may be used to-calibrate the data from the previous step (see figure 2b.12).
For convenience and practicality, a method of measuring ISA's by unit
area within grid units was preferred over a point-by-point identification
method. This method of unit area measurement fits well into the multi-
stage sampling approach as ever smaller sub-units may be used in
sub-stage samples. In addition, a unit area measurement can be more
easily applied to water-yield estimation models.
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Figure 2b•12	 ISA Multi-stage Sampling Method
Apes PSU's
. 0 PKO:E 00
LANDSAT imagery at 1:100,000 scale
1. Geologic-Geomorphic stratifi-
cation.
2. Identification (Geologic map).
3. 2 km. grid application.
4.. ISA classification estimates
for all PSU's.
5. Select units for secondary
classification with proportional
to estimated size (pees) of PSU
ISA area.
is
i.
:j
Infared
Highflight imagery at 1:120,000 scale
PSU	 a 6. Transfer of PSU to highflight
imagery.
A 7. Location of SSU units.
h
S. Second level
	
classification
SSO's-) estimates for all	 SSU's.
9. Select units for tertiary
classification with ppes of
SSU	 ISA area,	 if needed.
Lowflight imagery or ground survey	
..J
SSU 10. Transfer of SSU to lowflight
imagery.
11. Location o-ransects	 (TSU's)
over areas of interest.
12. Tertiary classification estimates
transects for all	 TSU's,
13. Summarize data, develop correction
values for PSU estimates.
2b-57
Initial stratification of the watershed is accomplished by means of
a delineation of geologic and geomorphic areas. This is done on
multiband color composite LANDSAT imagery at a scale of 1:100,000 for
reasons of equal lighting intensityl , ease of sample grid location,
availability of LANDSAT data over a large area and to a great number of
possible investigators, and the potential application of information to
automatic analysis. The geologic stratification yields estimations for
hard and meadow areas, but the bulk of the information remains to be used
for PSA analysis. 2
 The geomorphic stratification involves the delineation
of the drainage network, and division of the watershed into areas of
different types of drainage patterns and different overall aspect. 3 For
ISA analysis delineation of the drainage network is the most important
part of the first step, as it affects directly the estimation of potential
areas of riparian vegetation [soft ISA's). In studies of larger areas,
these stratifications may also be used in stratified random selection of
primary sample units to be sub-sampled on highflight imagery as the second
step of the multi-stage sampling approach.
Following geologic and geomorphic stratification, the next step is
to superimpose a primary sample unit (PSU) grid covering the watershed.
For each square [or rectangular) PSU, an estimate is made of the percent
surface area falling in hard, meadow, and soft ISA categories, respectively.
At this point summation of each class is possible and the tirst level
estimation of the total ISA in each category may be obtained.
Second-stage sampling begins with probability-proportional-to-estimated-
size (ppes) of the ISA area random sampling [or stratified ppes sampling
for large areas) of PSU t s for analysis on highflight imagery. Once the
number of units needed to achieve a designated allowable error has been
determined, sub-sample unit selection is made from a cim:;ulative summation
of the ISA measurements. Within each selected PSU, horizontal SSU's are
laid across the PSU from top to bottom on highflight imagery, and SSU
estimations of each ISA class are made. Data from SSU's aze used to calibrate
the PSU estimations. Third stage sampling may be done For additional
refinement of data. This sampling may be done on lowflight imagery
[1:1000. 1:3000 scale), or by ground survey, by allocating transacts [TSUts)
taken within certain pees selected SSU's.
Multi-date change detection is used to analyze seasonal variations
in parameters of interest over the study area. The multi-date composite
t	 consists of an image composed of one LANDSAT band only, for two different
dates. Each date is exposed as a different contrasting color (red and cyan).
	 i
,I lNot possible with highflight imagery due to vignetting problem.
2Should the primary goal of a study be only the delineation of ISA's, the
geologic stratification may be done only to the extent of identifying
hard and meadow ISA's.
j	 3As with geologic stratification the bulk of this work is applicable to
the PSA study.
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The resultant image.is one on which areas of no change are a neutral
color grey, while areas whicIL have changed on one band or the other are
either red or cyan, respectively. This process uses either both positive
or both negative originals, and therefore retains original shadows and
contrasts permitting easy relief identification.
i^
s'
E
2b.4.2.1 Geologic-Geomorphic Stratification Inputs
As part of the geologic stratification, color combinations of different
bands of LANDSAT imagery were examined to determine the best combination
for stratification of the Spanish Creek study area. Using the same
change detection techniques described earlier to study differences between
the bands, it was determined that a color composite of bands 5, 6, and 7
would provide the information needed for stratification. The color
assignments chosen for the bands were: band 5- -green; band 6-blue; andr	
band 7-red. This color combination produces a final print in yellow
tones, which the interpreter may find easier to distinguish than orange
tones which result with standard color assignments for these bands.
For geologic -geomorphic stratification, color composites of each wet,
interim, and dry season have major differences in the amount of recognizable
detail, as partially described by Rootenboer (1973). Streams are easy to
identify on the wet season color composite because of flooding, while on
the interim and dry season composites highly reflective dry bands are
exposed. Vegetation changes over the seasons enable better delineation
of different types of vegetation, and variations in soil moisture change,
the amount of reflection, permitting better identification of different
soil types.
2b.4.2.2 Procedures for Geologic-Geomorphic Stratification
It is important to choose cloud-free LANDSAT imagery for use in
multi-band (5, 6, 7) color composites 4 of each wet, interim, and dry
seasons, and to have prints produced at a scale sufficiently large for
annotation (1:100,000). On an acetate overlay to one of the season color
composites, delineate the boundary of the drainage basin and the drainage
network. Depending on terrain conditions, it may be necessary to use
each of the season composites to delineate the full network. Stratification
of the watershed into areas of different drainage patterns (i.e., dendritic,
parallel, radial, trellas, etc.) and by overall, or average, aspect is
necessary to the PSA study and maybe useful for stratification of large
areas in later subsampling.
For estimations of ISA ' s, the delineation and identification of urban,
lake, bare rock surfaces and outcroppings, and meadow areas is necessary.
For estimations to be used in the PSA study, full delineation aad identi-
fication of all geologic areas is needed. An acetate covering the LANDSAT
composite delineate all vegetation, soil, and rock areas of similar type,
density, texture. and color	 (Goetz, et. al. 1973). Comparison of wet,
interim, and dry season composites will often yield more definitive
area boundaries, but care must be taken to avoid the problems due to
variation of sun-angle on the respective images. These delineations are,
in general agreement with the basic geologic boundaries of the area as
4gand 5-green; 6-blue; 7-red.
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represented on a 1:250,000 scale geologic map  (see figure 21x.13). The	 f
accuracy of the LANDSAT image geologic delineations will not be as
detailed as those compiled by ground survey, but will be better than
those done by reconnaissance. Geologic maps may be used for identi-
fying areas of delineation, pending availability of such maps. For
areas that have not been mapped, ground truth data collection is a
necessary sub--stage of the study.
Basic geologic types within the Spanish Creek watershed are shown
in Table 2b.8.
TA R i.F 711 A
Mississippian Marine (Cm, listed as m)
Permian Marine ( 	 listed as m).
Paleozoic Marine (IP, listed as m)6
Triassic Maxine (T , listed as m)
Paleozoic Metavolcanics (IPV, listed as mv)6
Pre-Cretaceous Metavolcanics (mv, listed as mv)
Jura-Triassic Metavolcanics (JfFv, listed as mv)
Mesozoic ultrabasic int rusives (serpentin e)(ub)6
Mesozoic granitic (bare rock surfaces and outcrops)(gr),
hard ISA
Tertiary volcanjcs - andesite (Tva, listed assbva}
- basalt rTb , listed as v }
Eocene volcanics --basalt (Evb , listed as vb)
Pliocene volcanics - basalt (Evb , listed as vb)6
-- pyroclastic (PvP, listed as. Ir
Pleistocene volcanics - basalt (Qpvb , listed as vb)
Eocene non-marine (Ec)
Quaternary glacial deposits (g)
Quaternary lake deposits (QI) O,  meadow ISA
Alluvium (Qal) , meadow ISA
Lakes, hard ISA
Urban areas, hard ISA
Areas of marine sediments, metavolcanies, serpentine, granite, Vol-
canics, and quaternary deposits are each easily distinguished on the
LANDSAT imagery. In areas of marine sediment, some of-the age sub-classes
can be distinguished; in Quaternary deposits differentiation between types
State of California, Division of Alines and-Geo.l.ogy-, Geologic Map of
!' ^7 ^^.,, n» • ri,4. n ci—mi r10911 marl lgmci-umnrl CInma - ri orn)
Ei A
Geologic deliniation of the Spanish Creek water-
shed as listed in Table	 shown over the
13 Sept 1973 LANDSAT multi-band (5,6,7) color
composite. Identifications are as follows:
m - marine sediments
my - metavolcanics
v - volcanics (b -basaltic)
(p -pyroclastic)
gr - granite
ub - serpentine
E - Eocene deposits
Qg - glacial deposits
Ql - Quarternary lake depusi.t .i
Qal - Alluvium
Figure 2b.13
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of deposits is apparent (Qg, Ql, Qal). Sub-classes in areas of metavolcanics
and volcanics are less easily discerned. takes and urban areas could be
easily identified.on all the images. For the purposes of this study
identifications were limited to geologic types. even though many areas could
be delineated by specific age sub-classes. Age classifications may be
done at a later time for use in a PSA study
2b.4.2.3 Sample Unit Grid Design
The sample unit grid design for the ISA .estimation is based on
KATIBAH (1975) using a grid to divide the study area into well defined
uniform units which allow the image analyst to make discrete decisions
about the extent of ISA within each unit. This technique produces ISA
area-measurements applicable to direct summation to estimate total ISA
over the entire watershed, and is applicable to other water outflow
prediction models.
The sample unit grid cell size for the Spanish Creek watershed was
2km.oz, a side. The total number of sample units over the entire watershed
was I;4 (106 full units, and 54 partial units). By this measure the area
of the watershed is 536 km2 (134x4km2). For sample unit identification a
coordinate system was chosen using numbers 1-21 on the x-Axis, and letters
A-M on the y-Axis. This method was chosen over numbering the individual
units, because it permits easy identification of adjacent units (see figure
2b.14).
2b.4.2.4 Procedures for Hard (g), Meadow(m) and Soft(Xs) ISA Estimation
In using a 2 km grid on a 1:100,000 scale image, each sample unit
is 2 cm on a side. For interpretation at th-s scale it was arbitrarily
decided to use a minimum unit area of 0.1 (2km) 2 or 40 hectares; this is 	 i
a grid area of 0.1 (2cm) 2 on the imagery or a tenth of a sample unit.	 i
For sample unit area estimation of outcroppings, lakes, turban areas (g)
and meadows (m) each of which is part of the geologic stratification, this
minimum unit area may be used as a direct measure. But for stream
channels and areas of riparian vegetation direct area approximation using
this minimum sample unit is very difficult for two reasons: 1) being long,
narrow areas along the drainage network, the shape and size of the areas make
them visually difficult to accurately approximate the area of relative to
sample unit size, and 2) the extent of the actual area of riparian vegetation
is difficult or impossible to see on LANDSAT Lmagery, even though the
drainage network is readily identifiable. For these reasons the following 	 j
methodology for soft ISA estimation has been developed.
Areas (Xs) within 400 meters (.4 cm on 1:100,000 imagery) o:^ either
side of stream channels should be delineated over the extent of the
drainage network. Area estimation of this class (Xs) on the 2 km (2 cm)
sample grid is relatively simple; however, due to the use of the 400 meter
criterion, measures yielded from this estimation must be corrected by a
relative value of l/a to reflect an actual area value for soft ISA.
For the initial sampling level using LANDSAT 1:100,000 imagery a value of
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Figure 2b.14
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Boundary of the Spanish Crcek watershed with the
2 kni. PSU sample grid, shown over the 26 July 1972
LANDSAT multi-band (5,6,7) color composite.
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al = 8 has been arbitrarily assumed, yielding an actual measure of area
50 meters on either side of the stream channels. One purpose of
second stage sampling will be be to determine a more precise value for a.
Actual listing of measured surface areas (g, m,.Xs) must include:
unit coordinates, unit size, geologic stratifications by sample unit
(the sum of which must equal . the unit size), and the area of Xs, each
to the nearest tenth of a sample unit. From these data all other
computations for ISA and later studies may be, ;computed.
Estimation of ISA may now be made by taking the summation of each
hard (g), meadow, less soft ISA areas (m-Xs/a), and soft 	 ISA's
multiplying each by the unit area (2km) 2 , as shown in the formula (X, /a),
g(2km)2	 + ps (m - Xs/a) (2km) 2 + Xs/a (2km0 2 = total ISA
HARD ISA	 MEADOW ISA	 SOFT ISA
Lakes
	 meadow areas	 riparian vegetation
bogs	 less inherent	 areas and stream
swamps	 riparian
	
channels
urban areas	 .vegetation areas
fare road	 stream channels
outcrops
Since moisture content of meadowsfluxuates over the year, and therefore
imperability,a moisture factor (ps) has been included.
In the Sacramento River Forecasting Center (RFC) model, ISA so
defined here consists of a permanently water impervious surface area
component, g (2km) 2 , and two temporarily impervious surface area components,
ps(m-Xs/a)(2km)-' and Xs/a (2km) 2 , which readily become impervious upon
water input.
2b.4.2.5 Sub-sampling Procedures
Soft ISA (Xs ) data were used for selection of sub-sampling PSU units
because:
I. The primary purpose of sub-sampling is the refinement
of a (on X s correction factor).
2. X is a direct factor of the drainage system, and
thsis is a hydrology-related study.
3. The number of units with an Xs value is greater than the
number with a value for either g or m.
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4. g and m can be obtained relatively accurately from
LANDSAT data, while this is not always true of XS.
The first step in sub-sample unit selection is making a cumulative--
sum list of all XS /al (see Table 2b.9). In addition, another summation
of all (XS/al ) 2 is needed in order to calculate the variance (v(y)) and the
coefficient . of variation (CV).
Xs	 ^ 7- ^
X
.1s^	 (1)
	
-	 N
	
V (Y) =	 N-1
	
CV =	 IV7(y 	x 100	 (2)
Y
where N is the total number of non-zero Xs sample units and Y is the
average of Xs/a l. Knowing these figures, the number of sample units
needed to achieve a user-selected level of allowable error. (AB) can be
found via formula 3:
N t2
 CV2
n	
-N(AE)	 + t CV	 (3). 
where t represents the Student-t statistic, and n is the number of first
stage sample units (PSU's) to be selected for subsampling.
	
For the
first calculation of n, a tabulated t value at n=- (i.e. infinite
degrees of freedom, N-1) must be used to find an approximate value for
n from which a new t value can be assigned, and which will yield a more
exact value for n.
With n determined, n number of random numbers must be drawn from afi.
random number table, each of which is within the range of zero toti	 3 51x /a
s	 1. These random numbers are then used to draw, from the cumula-
tive list, the PSU's for subsampling(e.g. 2. 0 351 is a drawn random number.
It is between 2.0250 and 2.0875 of the cumula'ive	 list in Table 2b.9
(thus unit 9B is selected). 	 Notethat PSU's are selected with probability
proportional to size of Xs/a l .	 In the case of duplicate selectln-, the
unit will be used both times, and yield. two SSU . (secondary sample units)
instead of one when SSU's are selected far-tertiary sampling (transects,
see below) .
r,
^s
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An highflight imagery, ten SSU's each 200m X 200m (labelled "a"
through "j") are laid out in each PSU selected for second-stage sampling
(seefigure.2b.1'5). These SSU's are measured for g, m, and riparian
vegetation area (R I) in the same manner so were PSU's measured. Area
of stream channels (RD is found by measurement of stream length to the
nearest 100, (r), multiplying it by average channel width (w), and
{	 dividing the result'by 4km2 (this yields a unit compatible to RI).
The sum of RI and R2 is the measure of soft ISA as seen on the highflight
imagery (Rs). Data accumulated are then used to establish refined values
-;. for a, by Xs/Rs, as well as for checking .accuracy of g and m. lAien a,
.¢	 values have been established, the relationship between LANDSAT and
highflight data may be established by a standard regression formula.
If tertiary sampling is needed, sub-sampling techniques patterned
after those above may be used to select SSU's to be subsam led. WithinY	 P
each SSU selected, 200 meter long ground transacts should be plotted
over areas of principal interest, and measured for g, m, and Rs
either on low flight imagery or by ground survey. The tertiary sample
data are then used to further refine secondary and primary estimations.
w ;	 2b.4.2.6 Multi-date Procedures
A multi-date procedure has been developed to study moisture
variation of meadows P over the„E
	
	 ( s)	 periods of time between major precipi-
tation inputs. Comparison of images from wet, interim and dry seasons
showed significant variation in reflectance on different bands of
a
	
	 LANDSAT imagery. By composing a color image of one band from two
different dates, an image highlighting change on that band resulted.
It is important to choose LANDSAT imagery which is cloud-free for
k!. the beginning and end dates of the period of change; 10 May 73 and
13 September 73 were used for this study. 	 It is necessary that either
both images be positives or that both be negatives.	 To produce anE
accurate alignment of each image, care must be taken to prepare a
stable registration base to be used to position each image during
exposure.	 To produce the composite, it is necessary to expose one
date of imagery in one color (cyan) and the other date of imagery in
the complementary color (red).	 When printed, all areas of color will
be those areas of change sought; neutral or white areas are areas of
i no change (very bright change areas such as snow will often appear almost
^£ white	 while they are actually only overexposed cyan). 	 A change from
dark to light between May and September appears in the color of the last
exposure (red). 	 A change from light to dark (May to September) will
!}i appear in the color of the first exposure (cyan)	 (see figures 2b. 16a & 2b.16b).
Using multi--date composites of more than one band will increase
s°
the variety of changes which may be detected.	 For example, changes
which occur on one band only and not on the other, changes which are
the same on both bands, and changes which are opposite on either band.
i. To identify phenomena which are responsible for changes, low flight
3
infrared imagery has the most useful detail.
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Figure 2b. 15
PSU 14G, with SSU's outlined, on 1 Sept 1074
color infared imagery photographed from an
altitude of 65,000 feet. ,dote the areas of
lush vegetation (bright reel areas) along the
stream channels and at the foot of the slopes
where soil moisture is greater than in surround-
ing areas clue to basin hydrology.
i
l
R
2b-70
th
I
Pove
nd S.
an
rigure 2b.16a	 N
Band 5
U
It.
t
rl
Figure 2b. 16b
Band 7
Ifulti-date. composite , F 10 Ma"
1973 for LAINDSAT DiSS ' As S a.,
indicating change, note how a cut
left of center) appears 	 re
composites, whilc meadow areas ar,
Similiarly, lakes frozen over in Mq^
on only band 7 (far left)
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There were, 34 sepa_ •rate change areas on bands 5 and 7 for the
Spanish Creek study area: twelve red areas on only band 5 (meadows);
six red areas on only band 7 (shrub and brush); eight red areas
common to both bands 5 and 7 (3reservoir,.eutrophic lake, some fields
and crops); three cyan areas on only band 5 (small patches of snow);
and five cyan areas on only band 7 (lakes which had thawed). Other
large areas of cyan-white on both bands represented snow cover from
May. Although quantification has not been done on the relative
changes for each of these areas, each of the red changes represents
distinctive changes in reflectance which are moisture related
vegetative "flushes". The cyan areas of. change are all changes in
snow and ice conditions over the period of the composite. In addition
to these specific areas of change, the overall tint of both bands 5.
and 7 indicated a general light red change over the entire study
area. q
a
W
PA
04
_
Data obtained in this manner are not available through other means
to the degree of detail possible here. Visual comparison of images
from different dates will yield change information of only the
coarsest nature; the multi-date composite yields data on even the most
subtle changes and in a way that can eventually be developed to yield
quantification of relative change by different color intensities.
LANDSAT imagery is well suited to use in multi-date composites for
two main reasons: 1) relative consistency of LANDSAT exposures over
long periods of time will' produce consistent multi-date images; and
2) problems with relief displacement, inherent in highflight imagery,
are almost non-existent _throughout the. stud y area (42 km), and
perhaps over even larger areas. In addition to these advantages,
continuous new LANDSAT imagery is accumulated on every pass, providing
excellent flexibility in choosing dates of input.
2b.4.3 RESULTS AND DISCUSSION
Based on the initial LANDSAT PSU sample data (g, m-Xs /al 'Xx/al
shown in Table 2b.9), the Spanish Creek watershed has 3.7 units
(14.8km2) of hard ISA, 5.4 .625 units (21.85 km2) of meadow ISA less
the area of stream channels and riparian growth, and 6.2375 units (24.95 km2)
of soft TSA, including those areas excluded above. This is a total of
61.60 km2 of temporarily and permanently water impervious surfaces
withint the study at ,a, or 11.49a of the watershed.
Using sub-sample selection methods described in section 2b.4.2.5
31 probability proportional to estimated size PSU's were selected for
analysis on highflight imagery. Analysis of highflight SSU sample -uta,
shown in Table 2b.10, indicated a need to use two stratified values of
Great care was taken to ensure equal exposure of each date, so this
goPeral reel tint is an actual indication of a general change,
2b-72
a: a2
 = 8, for major streams; and a3 = 16, for majority of 'Lesser tributaries10
Values of Xs were identified accordingly into X1 and X2, as shown in
Table 2b.9, and new unit values for Xs/a were computed using:
Xl + X2 _ Xs
a2 a3 a
These values of a yield an estimate of 4.1125 units (16.45 km 2 ) of soft
ISA. The accuracy of g and m was found to be within tie 0.1 (4 km2)
minimum measurement area of the PSU estimations with two minor exceptions:
	
`t	 0.11 units of bare rock identified in unit 10A; and 0.11 units of meadow
in unit 8D. These areas had not been measured on the LANDSAT imagery, but
each is just over the designated minimum area. These additions, and the
if use of new values of X s/a, yield new estimates of 2.8 units (15.20 km2) of
hard ISA, and 5.875 units (23.50-km2) of meadow area less stream channels
and riparian growth. 11 This is a total of 55.15 km2 of ISA, or 16.29% of
 the watershed.
1
Using a standard regression formula the relationship between the
	
E	 LANDSAT data (Xs/a) and the highflight data (Rs ) was found to be the
	
{	 following:
R$ = 0.008 + 0.966 (X/a)
s
G.s Applying this calculation to the soft ISA. estimate yields a corrected value
of 3.982 units (15.93 km2) of soft ISA.	 This is the most accurate estimate
possible from this procedure and yields a total measure of 54.63 km2 of All
ISA classes. 12 X
10.	 Plotting of values of a obtained from	 indicatedRS two general.... s
'. grzups of a centered around 8 and 16.
F 11.	 5.775 units of m - Xs/a shown in Table 2b.9 plus .1 unit in addition
to the .1 unit already included for 8D, area Xs /a is already included.
12.	 Precisely this calculated estimate is 54.628904 + 4.2257212 km2,
,_ y where
Rs = Y = b0+ bl(Xs/a) (1)	 (1)
v(Y) = v(bo) + (2(Xs/a) •Cov(bo ,b 1))+ (Xs /a	 •v(b^)	 (2)
-a
.,
Y e Y+t	 Q	 v(Y) (3)
s
bo= .008 2 , v(bo} =	 .00682
t;
bl=	 .966, v (b l ) =	 .1242
t - .1699	 Cov b ,b } = .0150	 1
t
l	 2b--73
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Quantification of multi-date imagery can yield values for ps which
can increase the seasonal accuracy for estimates of meadow area which
will become impervious to water input. Moisture content of meadows
(for which ps is a coefficient) will 'vary over periods between precipi-
tation inputs. As moisture content docreases, areas (m - Xs/a) which
will become temporarily impervious will decrease. With additional
development of multi-date techniques meaningful values for ps can be
obtained.
t
One of the advantages in using remote sensing techniques for the
ISA study is the time saved over conventional ground survey methods.
Time involved to analyze the 536.Okm2 Spanish Creek Watershed was 26
work hours, divided by tasks as follows:
Man
Task
	 Hours
geologic--geomorphic stratification 6*
PSU estimation of g	 5
analysis of PSU data, 1st estimate 3
selection of subsample PSU's 	 1
SSU estimation of g, and x
	
8
analysis of SSU data, 2nd estimate 3
As well as representing a significant savings in time, use of remote
sensing techniques for geologic stratification improved the delineation
accuracy of many geologic boundaries shown on the 1:250,000 scale
for which large areas were last mapped during I 'maps used in this study,
	 g	 pp
the 1890's.
2b.4.4	 CONCLUSIONS
This investigation has developed a technique for quickly utilizing
available ^ANDSAT data to estimate ISA in a manner compatible to use
in other water outflow studies. Based on the methods described, an ISA
estimation for an area of this size may be done within a period of 10-12
t
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	 Highfliaht SSU Sample Data
-es for
3
in FSU (x 100m).
= 5m).
i
Rs	 X5/0-
.02025
	
.01875
.057725	 .025
.09645	 .0875
.079225	 .05
.o4475	 .o4375
.031	 .06875
.088	 .075
.06325
	 -o4375
.08225	 .0625
.04175	 .04375
.023225	 .0375
.045475	 .03125
.086225	 .08125
.o36225	 .1)81 25
.06375	 .05625
.06375
	
.05625
.0342	 .03125
.03525	 .0625
.049225
	
.04375
.049225	 .04375
.0725
	
.0625
.08675	 .06875
.099725	 .0875
.099725
	
.0875
.0395	 .0375
.01875	 .025
.05675	 .05625
.05675
	
.0375
.0575	 .0375
.02225	 .0125
.02 1 5	 .025
Rl = sum of SSU measui
a through ^.
r = length. of streams
R2	 r (100m) x w '(W
4km2
Rs = R1 + R2
un i t	 m RI	 r- R2 -
2G	 .015	 42.0	 .00525
5G	 .oz	 .05	 61.8	 .007725
5U	,28	 .09	 51.6	 .00645
6F	 .01	 .07	 73.8	 .009225
6G	 .o6	 .035	 78.o	 .00975
61	 .16	 .o25	 48.o	 .006
7F	 .19 .03	 .085	 24.o	 .003
71	 .055	 i66.o	 .00825
8D	 .11	 .08	 18.0	 .00225
90	 .035	 54.o	 .00675
10A	 .11	 .02	 25.8	 .003225
IN	 .04	 43.8	 .005475
10D	 .08	 49.8	 .006225
10D	 .08	 49.8	 .006225
10F	 .19	 .06	 30.0	 .00375
lOF	 .19	 .06	 30.0	 .00375
101	 •03	 33.6	 .0042
11F	 .03 .61	 .03	 42.0	 .00525
13D	 .09	 .04	 73.8	 .009225
13D	 .09	 .04	 73.8	 .009225
13E	 .04	 .065	 6o.o	 .0075
13F	 .07	 .08	 54.0	 .00675
14G	 .175 .095	 374-8	 .004725
140	 .175 .095	 37.8	 .004725
15H	 .035	 36.0	 .0045
16G	 .015	 30.0	 .00375
18G	 .05	 54.o	 .00675
19G	 .01	 .05	 60.0	 .0075
19G	 -01	 .05	 60.0	 .0075
20F	 .02	 18.0	 .00225
20G	 .02	 36.0	 .0045
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work hours; ISA estimations to be used in a PSA study may require
somewhat longer, but still remain within a period of 24-26 work hours.
Neither of these estimations include acquisition of ground truth
data or time spent locating and processing imagery, each of which
consumes a greater portion of time than the actual analysis. In
addition, each will vary considerably with one's "on-hand" available
resources.
This study has estimated 54:.63km2 of permanently and temporarily
impervious surface areas within the 536.Okm 2 area of the Spanish
Creek Watershed. Application of these data to water outflow models
will be a step toward increasing the accuracy in water resources
management.
2b.4.5 FURTHER {YORK BEYOND THE ISA STUDY
This study has initiated developments in applications and analysis
of LANDSAT imagery in three areas beyond the scope of the ISA study:
(1) geologic-geomorphic stratification of the study area,
using LANDSAT imagery, with pc"ential application of
techniques to automatic analysis.
(2) development of a new technique of multi--date analysis.
(3) conduct of pervious surface area (PSA) study utilizing
LANDSAT data, and resulting in the construction of a
water outflow model for automatic analysis.
Each of these areas has important applications be;'ond the scope of this
study and may be developed individually. While much work has already
been done with geologic stratification and identification in specific
locales, the procedures have not been fully developed for broader
survey applications. Similar situations to a lesser, rudimentary degree
exist for each multidate analysis and the PSA estimation procedures.
Additional work could be done to develop each of these areas.
Development of each of the three areas listed above is recommended,
with emphasis on the PSA study as it relates to the work designated
under RSRP's water yield estimation research goals for this NASA grant.
Multi-date techniques also offer broad potential applications to the
PSA study, as well as to any field potentially interested in change
detection analysis. Geologic-geomorphic stratification, while completed
for the Spanish Creek Watershed, may be further refined through
automatic analysis. Full development of such techniques has potential
application to large scale resource exploration and mapping of regions
of the world which are either poorly mapped or essentially unmapped.
t
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2b.S.1
	 SMIMARY/CONCLUSION
This investigation suggests that remote sensing promises great
potential for predicting water-yield and aiding water resources manage-
ment.	 The findings of the NASA-Grant research conducted under our
L Remote Sensing Research Program at U.C. Berkeley would be directly
applied to the Sacramento Hydrologic Model of the California Joint
Federal-State River Forecasting Center WS) and to the California
Cooperative, Snow Survey (CCSS) volumetric and dynamic water yield
models.
The methodology has been developed for a remote sensing -aided system
to estimate the various components of a water yield model that is
designed to give timely, relatively accurate, and cost-effective
estimates over the watershed(s) of interest. 	 These components are snow
areal extent, snow water content, water loss to the atmosphere
(evapotranspiration) and impervious surface area.	 The system employs
a basic two stage, two phase sample of three information resolution
4 levels to estimate the quantity of the above-mentioned water-yield
model components.
The input data for this system requiring spatial information are
provided by LANDSAT, by environmental (meteorological) satellites,
by high and low flight aerial photography, and by ground observation.
In the case of snow areal extent estimation the manual phase has
been completed. This technique may be considered operational depending
on the user's needs. Based on the results obtained when using this
technique, it can be concluded that potentially there is a substantial
advantage in terms of both cast-effectiveness and precision to be
gained through use of t;iis remote sensing-based technique to other,
conventional methods. Further investigations in automatic analysis
of the areal extent of snow as well as the refinement of the manual
technique are needed. This would allow the user a choice of the
level of sophistication that he desires or can afford.
From the results obtained in our snow water content study to date
it can be shown that a potential cost and/or precision advantage is also
to be gained in this area by use of remote sensing--aided methodology.
Our method utilizes data obtained through conventional ground measure-
ment of snow courses integrated into a double sampling framework wi"n
LANDSAT--derived data. Further investigation on optimizing image
sample unit size and automatic analysis would improve the precision
of the snow water content estimates over the watershed.
The development of Level I, and Level II models for watershed-wide
estimation of evapotranspiration has been completed and currently
V
j
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Watershed for efficiency testing purposes, but will be
expanded to include ultimately the entire Feather River
basin.
. Development of an automatic (computerized) system for
watershed-wide integration and interpolation of point data.
This system would estimate the distribution of point data
(i.e. precipitation) over the watershed of interest. The
point data include the input and output parameters used
in snow areal extent, snow water content, and evapotranspira-
tion models.
4. Sensitivity analysis for critical parameters in water supply
models. In coordination with the Algazi Group, RSRP is
developing water parameter (water loss) estimates to be
included in current RFC and CCSS hydrologic models. The
performance change in the models with and without these
remote sensing-aided estimates as determined on the Davis
system will be noted. Feedback on model performance will
allow modification of the remote sensing-aided water
parameter estimation sampling design and methodology so as
to improve hydrologic model performance.
S. Determine the costs of information-gathering using conventional
and remote sensing-aided methods. This effort continues
especially in the context of the RFC Sacramento River model
and the CCSS volumetric model. Cost data on semi-automatic/
automatic remote sensing-aided basin snow areal extent,
snow water content, evapotranspiration, and manual impervious
surface area estimation is especially emphasized.
b. Perform cost-effectiveness analyses with respect to
conventional and remote sensing-aided water supply estimation
systems. In the near run,systems for estimation of
intermediate parameters used in ultimate water yield
prediction will be compared. In the longer run, systems
actually producing water runoff estimates will have
comparitive analyses performed. Coordination here will
be especially strong between RSRP and Social Science Group
personnel.
7. Contribute to cost-benefit studies to determine the impace
on society resulting from changes in water supply information
caused by the application of remote sersin g technigi- ...i
water supply models. RSRP will contribute cost and
performance data, in conjunction with the Algazi Group, to
the Social Sciences Group for cost-benefit impact studies.
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level I ET models are being applied to the Spanish Creek Watershed.
A necessary documentation of assumptions, structure and limitations of
current evapotranspiration models has been established. Based on
this analysis and the results obtained from the application of level I
and level II ET models, the appropriate model(s) to be applied in the
third level of ET modeling will first be developed and examined
for the Spanish Creek Watershed and then applied to the entire Feather
River Watershed.
The technique for, estimation of impervious surface area (ISA) has
been developed and applied to the Spanish Creek Watershed. This
technique has been designed to be timely, cost-effective, and relatively
accurate. The estimates of permanently and temporarily impervious
surface areas over the Spanish Creek Watershed have been made and
further investigation is needed for expansion of the study area to the
entire Feather ;liver Watershed, with a view to applying ISA results
in outflow water prediction models, and improving the overall
accuracies of the results obtainable by such means.
2b.5.2	 CONFINUED.RSRP GRANT WATER SUPPLY WORK
The seven continuing aspects for this work are as follows:
1. Continued state-of-the-art water supply model definition and
performance documentation. This effort, carried out in
conjunction.with the U.C. Davis, Algazi Group, is necessary
to fully refine the remote sensing-aided water loss estimation
procedures =1 the set of variables considered. Both the
California Joint Federal-State River Forecasting Center (RFC)
Sacramento hydrologic model and the California Cooperative
Snow Surveys (CCSS) hydrologic models continue to be examined.
Performance documentation continues for the CCSS models and
performance for the RFC model will be stated concisely in the
context of the forecast assumptions.
Inspection of current water quality prediction methodologies
may also be begun. As stated in Chapter 2a and Chapter 5, the
water quality question is of growing importance in water .
resources management, and especially in managing the Califor-
nia Water Project. Water quality determination and prediction
is thus a viable subject area for potential analysis in the
current NASA sponsored study.
2. Continued development and testing of the remote sensing-aided
water loss estimation system. This work includes refinement
of sample design plus technique development for estimation of
watershed snow areal extent, snow water content, evapotranspi-
ration, impervious surface area, and effective precipitation
input. The data set initially includes the Spanish Creek
q
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THE PHOTOGRAPHIC CONSTRICTION OP LANDSAT COLOR COMPOSITE IMAGERY
INTRODUCTION
The value of color compos-1.tes has long been recognized as an aid to the
interpretation of LANDSAT imagery. The technique described in this
appendix demonstrates how LANDSAT color composite imagery can by
 constructed
from LANDSAT positive black-and-white transparencies conveniently and
inexpent' i.vely.
COLOR COMPOSITE THEORY
Typical color reversal and color negative films consist basically of
three light sensitive layers. These layers react individually to blue,
green, and red light, each layer corresponding to a particular dye, dependent
upon film type, as indicated below:
Light	 Color reversal film	 Color negative film
Sensitivity	 Dye layers activated
	 Dye layer activated
Red	 Yellow and Magenta	 Cyan
Green
	 Yellow and Cyan
	 Magenta
Blue	 Magenta and Cyan	 Yellow
If, for instance, color negative film is exposed to blue light, the
blue sensitive layer of the film is activated whale the other layers remaili
unaffected. This blue-sensitive layer corresponds to a final yellow dye
image and hence the results will appear yellow on the negative.
When color reversal film is exposed to blue light, the blue sensitive
layer of the film is activated; however, during processing the two remaining
sensitivity layers corresponding to the magenta dye (green sensitive) and
the cyan dye (red sensitive) are either chemically or mechanically exposed.
The original exposed blue sensitive layer becomes non-functional and the
resulting image appears blue due to the combination of magenta and cyan
dyes. The reactions of color reversal and negative film to red and green
light can be explained similarly sinco red is produced by a combination of
yellow and magenta dyes and green is produced by a combination of cyan and
yellow dyes.
The photographic construction of LANDSAT color composites relies on
the three-layer sensitivity of color film and on the different densities
of any givenfeature as it appears on the various LANDSAT black-and-white
bands. Each of the different LANDSAT black-and--white bands chosen to
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make the color composite is photographically copied onto the same sheet
(or frame) of color .Film, each band through a different colored filter
(in essence a multiple exposure). Figure I illustrates the set-up used
to produce LANDSAT color composites. Depending on which filter is used
with each band of imagery different color renditions may be produced,	 }
hopefully enhancing different features.
MATERIALS AND EQUIPMENT
Landsat Black-and-White Imagery
The construction of LANDSAT color composites commonly uses Multispectral
Scanner (MSS) imagery of bands 4, 5, and 7, usually in the 92 inch
positive transparency form (although the 70 millimeter positive
transparencies may also be used). MSS band 6 is also used for some
composites as well as available Return Beam Videcon (RVB) positive imagery.
Furthermore, just as a color composite can be formed by combining bands
of imagery acquired on a single date, so it also can be formed by
combining several dates of imagery acquired in a single band, or any
combination of multiband/multidate images.
FILTERS
Eastman Kodak Wratten filters are suggested for use in the construction
of color composites due to their optical quality and the large variety
of colors and sizes available. To produce a simulated false-color
infrared color composite image, Wratten filter numbers 25 (tricolor red),
47B (tricolor blue), and 58 (tricolor green) can be used. 	
k
FILTER RELATED ACCESSORIES
Eastman Kodak filter frames provide a convenient way to mount the
Wratten filters. The filters so mounted can be easily inserted onto a
commercially available filter holder which mounts, via adapters, to the	 a
filter-threaded receptable in the front of most enlarging lenses.
PHOTOGRAPHIC LIGHT SOURCE 	 g
The light source is used to provide the light which will be transmitted	 i
through the LANDSAT bands during the exposure process. Basically, the
light source may be of two common types; incandiscent or flourescent and
electronic strobe. Incandescent or flourescent illumination in the form
of a "light table" may be the most convenient form initially. One of
the problems encountered with using a light table is its relatively
low light output, necessitating long exposures times. One way of
countering this is by using an electronic strobe light box which would
give decidedly greater light output and thus shorter exposures.
c
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REGISTRATION SHEET
The registration sheet is used to register the individual LANDSAT
bands with respect to one another. It also serves as a convenient base
for introducing grids or other data directly on the color composite.
The material used for the registration base should be translucent
(frosted preferably), dimensionally stable and have a surface ammenable
to scribing. Keuffel and Esser Stabilen Cartographic Drafting Film,
base thickness 7 mil satisfied these criteria, and has been used
usceessfully for constructing color composites.
I
SCRIBING TOOLS
The scribing tools consist of a scriber and a Metal straight edge.
The scriber can be constructed by inserting a drafting compass needle
in an engineering drafting pencil while the metal straight edge may simple
by a metal engineering scale. The scribing tools are used to transfer
the LANDSAT registration marks onto the registration sheet.
CAMERA SYSTEM
A large variety of cameras and related accessories ranging in format
from 35 millimeter to much larger image sizes can be used to construct
LANDSAT color composites. The only requirement is that the camera be
capable of making accurate multiple exposures on a single sheet or
frame of film. The most convenient camera used to develop this system
was found to be a type of copy camera which utilizes a leaf shutter
system allowing as many exposures as desired on a single sheet or
s _:	 frame of film. A camera system of this type is desirable due to its
ability to accept film formats from 35 millimeters to 4 x 5 inches.
The camera lens used for making color composites should be of very
high quality. Since the construction of color composites utilizes most of
the light -sensitive spectral range of conventional color film, the
lenses used should be color corrected. The lenses should be of very
high uniform edge-to-edge resolution and contrast to assure that no
information is lost throughout the image area. Schneider Componon
Enlarging lenses have been used with great success as shown in figures
3 and 4.
EXPOSURE METER
An exposure meter should be used to determine how much exposure
should be given to each of the LANDSAT black-and-white images in making
the color composite. The meter used should have a locking needle, a
wide sensitivity range and a narrow . acceptance angle'so that selective
area measurements can be made. The Gossen Luna-Pro light meter with the
optional acceptance angle attachment has been used successfully for light
measurements off the camera system's ground glass.
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FILM TYPES
If reflection prints are to be made of the color composite, it is
most convenient to use a fine grain negative color film such as Kodak
Vericolor II Type S. If positive color transparencies are desired (e.g.
for projection purposes) the use of either Kodachrome or Ektachrome film
is appropriate, depending on the film format used.
PROCEDURE
The following step-by-step description will detail the procedure
used to construct a LANDSAT color composite.
1. Tape one band of a LANDSAT black-and-white set of imagery for a
specific date to a light table in proper viewing position.
2. Tape a sheet of K&E Stabiline over the LANDSAT image so that the
four registration marks (+) in the corners of the LANDSAT image
are completely covered by the overlying sheet.
3. Transfer the registration marks to the Stabiline using the scribe
and the metal straight edge.	 The scribed line should be
narrow in width and extend beyond the actual LANDSAT registration
marks to facilitate the actual registration process.
4. The registration sheet (Stabiline) should be labeled with the
latitude/longitude and date of the LANDSAT imagery from which it
was made. This information is placed.on the same edge as observed
on the LANDSAT image below so that the LANDSAT black-and-white
bands may be oriented correctly during the registration process.
S. The completed registration sheet is removed and placed in proper
position of the light table or flash box and taped down.
6. One of the LANDSAT bands to be used for making the composite is
taped down in register over the registration sheet. The
registration marks and the information line are used to
register and orient the two, relative to one another.
7. The camera system is focused upon this registered image and locked
into position.
8. An exposure measurement of the LANDSAT band is then made on the
ground glass focusing screen of the camera with the lens set at a
fixed aperture, usually maximum. This reading is recorded.
The other LANDSAT bands to be used are then placed one at a time
on the registration sheet with the image projected onto the focusing
screen and the exposure measurement for each is recorded again
at the same fixed aperture.
i
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9. The exposure measurements for the LANDSAT bands are averaged
to	 and refered to exposure graphs (which are explained in the
next section).
10. The camera/lens exposure controls are then set according to the
exposure graphs.
11. The film on which the composite is to be made is then loaded in
the camera.
12. One at a time, the LANDSAT bands are placed on the registration
sheet and exposed through the appropriate filter. The film is
not advanced or removed until all exposures have been made.
13. The film is then processed normally yielding the final color
composite.
EXPOSURE DETERMINATTON
<<	 In determining the proper exposure to give each of the LANDSAT black-
' 	 and-white images the separate bands are assumed to be matched separation
'	 positives. The actual deviation from this assumption is generally so slight
that it may be ignored in most if not all cases.
Since no two light source systems developed to construct LANDSAT
color composite imagery will have equal light outputs, the graph used to
determine proper exposure must be empirically established. The following
describes the determination of the exposure graph necessary for proper
exposure calculation. Since each exposure graph can be calculated for one
particular color composite type (i.e., band/filter combination) only, the
`	 following description will deal with the construction of a simulatedE
false color infrared composite. To make this particular rends-ion LANDSAT
€	 band 7 is exposed through a Wratten 25 (Red) filter, band 5 through a S9ratten
58 (Green) filter and band 4 through a Wratten 47B (Blue) filter.
To determine empirically the exposure graphs for the various band/filter
combinations, a series of color composite are constructed at different
overall exposures. Each series of color composites has exposure values
measured for each band as per step 8 under "procedures". The values
measured are averaged for each set and then plotted versus the actual overall
.;	 exposure found to give an acceptable color composite. All light measurement
values are taken with the lens set at a fixed aperture. This aperture
will always be used for the through--the--lens exposure measurement of each
band. This is necessary to provide a consistent index system for reference
to the exposure graphs.
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The averaged exposure measurements taken from the individual LANDSAT
bands are plotted on the x-axis versus Exposure Values (EV) on the y--axis.
EV refers to equal lightint°nsities; hence equal combinations of shutter
speed and aperture which yield the same exposure to the film. For example,
EV 13 equals 1/30 second at F/15, 1/6 0 second at f/il, 1/125 second at f/8,
1/250 second at f/5.6, etc. Figure 2 illustrates the appearance of such
an exposure graph.
Due to the different optical densities of the filters u,ed to construct
a color composite, different exposures are needed for each band /filter
combination. These different densities are refered to as filter factors.
The filter factor for a given filter changes with the film type as well as the
light source; consequently filter factors must be calculated for each film
type/light source combination. One practical way of calculating specific
filter factors is to photograph a transparent gray scale through each of the
filters for which the filter factor is to be determined. These will produce
individual exposures through the filters onto color film, either positive
or negative. Several exposures are taken through each filter, advancing or
changing the film after each exposure. All exposures must be recorded for
the final determination of the filter factors. For each filter an exposure
is found which best reproduces the gray scale (i.e. all gray levels are
clearly distinguishable from each other) by examining the color film. In
all cases each individual gray level should have the same optical density
for all of the filter types used. This is best done through the use of a
densitometer but can be done visually if necessary. A comparison of the
exposures used for the various filters to obtain equal densities gray level-
by-level, will give the filter factors for each filter. These filter
factors may then be translated into EV t s to give the relative exposure
differences for the filters used.
To establish the exposure graphs for the various band/filter
combinations, a series of color composites are constructed, all at different
overall exposures. Each composite so constructed must have the filter
factors (in terms of individual exposure differences) included. If, for
example, for a specific film/light source combination, it is determined that
a Wratten 47B filter requires 1 EV more exposure than a Wratten 58 filter
(which requires itself ^ EV more exposure than a Wratten 25 filter to
obtain equal density levels) then a series of exposures can be made using
these differences. For the first composite the overall exposure might be
EV13 through the Wratten 47B filter, EV 14 through the Wratten 58 filter,
and EV 14.5 through the Wratten 25 filter. For the second composite overall
exposure might be EV14 through the Wratten 47B filter, EV 15 through the
Wratten 58 filter, and EV 15.5 through the Wratten 25 filter and so on.
Since the individual filters require different but equal relative exposure
differences maintained during the construction of the composites, color
balance is kept stable, but overall composite density is not. Thus the best
composite density from this series of different overall exposures can be
determined. By plotting the exposures used for each filter in the best
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composite constructed, one group of points may be plotted on the exposure
graph for this particular band/filter combination. Once two groups of
points, each representing a good color composite overall exposure for a
specific band/filter combination have been plotted, the graph can be
completed.
CONCLUSIONS
Several critical points are worth mentioning again to assure that the
color composites are correctly constructed:
1. During the actual photographic construction, several exposures
are made on the same sheet or frame of film; the film is not
removed or advanced during these exposures.
2. All exposure measurement values of the various bands are made
through the camera/lens assembly on the ground using a fixed
aperture. This aperture may change depending upon the actual
responses of the various bands during the copying process.
3. The individual exposure measurements of the bands to be used are
mathematically averaged and then refereed to the exposure graph
for the exposure setting o f each band/filter combination.
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Figure 2b.17 This schematic diagram illustrates the photographic technique
for constructing color composite images. A camera, color film, colored
filters, LANDSA'T imagery, a registration sheet and a light source are
employed. Note that all three bands are pince, ,d separately on the registra-
tion sheet for copying, The band/filter combinai-ions he:r in the diagram 	 .
above are used to produce simulated false color infrared composites.
Different band/filter combinations will rpoduce differently colored composites.	 3
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Figure MISExample exposure data for the construction A a simul-ted rAse-color
infrared three band color composite using a conventional light table or a
flashbox,	 LANDSAT MSS Band 4 is combined with a WraLten 478 ruter, Band 5
with a Wratten 58 filter, and Band 7 with a Wratten 25 filter. Different
exposure curves must be derived for different film speeds and/or difUrent
band/filter combinations, as explAned in the text.
'Fxpowore values QV) are those unique combinations of shutter speed and
aperture which yield the same exrasure. For instance A 13 represents the
combi"atiuns 1/125 second at f/8, 1/60 second at f/11, 1/30 second at f/16, etc.
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Chapter 3
MATER DEMAND STUDIES IN CENTRAL CALIFORNIA
Co-Inve!:tigator: John E. Estes, Santa Barbara Campus
Contributors: John Jensen, Larry Tinney, Sue Atwater,
Tara Hardoin, Don Hoffman, Iris Priestaf,
Brad Yackle
3.00	 INTRODUCTION
During the current reporting period, the Geography Remote Sensing
Unit, University of California, Santa Barbara has been concentrating its
research effort on the following water demand related topics:
An analytical and empirical analysis of those variables
which have a ,^ i anifl cant affect on a remote sensing agri-
cultural water demand prediction procedure;
The development and/or refinement of manual and semi-
automatic remote sensing techniques to extract data relevant
to these variables;
° Comparison of remote sensing techniques for acquiring
information on specific water demand related parameters
with conventional methods to draw conclusions regarding
cost-effectiveness;
An experimental water demand prediction for Kern County Water
Agency hydrologic model nodes in the Wheeler Ridge-Maricopa
Water Storage District to assess the semi-operational
utility of proposed remote sensing procedures;
Initiation of research to determine whether water demand
prediction procedures created for a semi-arid environment
can be effectively applied in more temperate climatic
regions, requiring slightly different water demand para-
meters.
In essence, these subject areas represent research on work items 1,
4, 5, and 6 of the chronological work plan seen in Table 1. As discussed
in section 3.5 of this report, research on parameters associated with
croptype have only recently reached a point where valid assessments can
be made concerning the economic impact of using remote sensing data in
the Kern County Water Agency (l,CWA) hydrology model. In _ffect, work items
Z, 3, and 7 will begin to be realized as the more accurate croptype water
demand predictions are input to the model and cost-benefit analyses
applied.
S_1
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1.	 Determine critical parameters
in water demand models
Riverside
Santa Barbara
Burgy
Technically Completed
2.	 Analyze economic impact
Public Policy
Riverside
resulting from changes
in water demand information
Santa Barbara
Hoos
Economist
Lawyer
3.	 Compute economic effects of
changes in estimation of
critical parameters
Riverside
Santa Barbara
Economist
_Hoos
4.	 Evaluate and test remote Riverside
sensing techniques Santa Barbara
RSRP
5.	 Determine costs of information- Riverside
gathering using conventional
methods
Santa Barbara
6.	 Compare remote sensing
techniques with conventional
ones.	 Draw conclusions
regarding cost-effectiveness
Riverside
Santa Barbara
RSRP
Economist
Riverside
7.	 Estimate potential impact of Santa Barbara
using remote sensing techniques
in water demand problems
RSRP
Economist
Hoos
Burgy
TABLE 3-1. Chronological Work Plan for Assessment of Watcr Demand in Central California by
means of remote sensing.
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3.10	 WATER DEMAND RATIONALE
3.11	 Introduction
`
	
	
A careful review of references related to future predictions i.e.,
Hudson Institute, RAND, TEMPO, Club of Rome, etc., indicate a nearly
unanimous opinion that the effects of world exponential population growth
will impact all mankind before the end of the 20th century. The following
will most probably occur during the 1980 to 2000 time period:
World population will increase from 3.2 billion (1973) to
-approximately 7 bi'lion (2000) creating intensified land use
pressures and a growing list of critical short mineral resources.
International trade of all types will reach a new high, with
particular increases in the areas of foodstuffs, minerals, and
energy.
° International cooperation in agricultural production and marketing
will be widespread, as the world seeks to maximize its ability
u; to feed itself.
° Government funded research and development (R&0) coupled with
the use of large scale modeling data bands will increase in
societies, such as the U.S., where government is expected
to act as the catalyst to conduct resource and ecological
surveys.
3.12	 Agri-ultural Water Demand
Food and energy production are identified by many as primary research
frontiers for the coming decades. If we are to maximize agricultural
production to meet future demand it will be necessary to have almost
real-time statistics on agricultural water supply and demand on a regional,
state, national and even international basis. It is this basic need for
data which lead the investigators conducting the recently published TERSSE
study (Total Earth Resource System for the Shuttle Era) l to identify two of
30 priority TERSSE missions as being:
1 The basic criterion for the inclusion of a mission was that there be a
reasonable chance of the mission being performed during the 1980's time frame
under consideration. Definitionsof the 30 missions were based on the following
inputs to the study: 1) mandated tasks of Major Federal Organizations; 2) in-
formation requirements of the Other Dominant Organizations; and 3) assessments
Of the relative amenability of the information classes to remote sensing.
On the basis of a review and evaluation of these inputs a list of 30 basic
TERSSE missions was synthesized. General Electric Space Division, Definition
of the Total Earth Resources System for the Shuttle Era. Philadelphia:
General Electric, Vol. 3, Nov. 1974), p. 3-11. 	 T
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Survey and monitor U.S. cropland to calculate short-and-long
run demand for irrigation water.
Survey and -inventory the volume and distribution of surface and
groundwater to assess available suppZies for urban and agricultural
consumption.
The TERSSE study is interesting because it reveals that remotely
sensed irrigation water demand prediction techniques.rqust be developed
whereas urban water demand is not defined as a unique study area, even
though its existence is alluded to in the water supply mission. The
reasons for the deletion of the urban water demand prediction methodology
stem from the unusually precise meter data already available from most
municipal water and power companies. New urban water estimates can be
rapidly obtained through interrogation of historical meter statistics
and analysis of newly zoned and/or built urban structures. The actual
prediction of urban water demand is, therefore, much more stable and,
in fact, much more predictable than agricultural water demand. By putting
priorities in their proper perspective it can be seen that if the urban
water demand prediction is.all but available, then it is only reasonable
to expend the maximum research effort identifying those parameters which
facilitate the accurate prediction of dynamic agricultural water demand.
This demand, in turn, is positi vely correlated with the agricultural yield
of a given region.
3.13	 Kern County: Agriculture, Water Demand, Hydrology Modeling_
In order ' to develop a remote sensing irrigation water demand prediction
methodology a representative region was located which possessed a sufficient
range of environmental parameters, both physical and cultural, to accurately
gauge the success of the proposed techniques. Kern County, California,
is one of the major agricultural counties in the United States with an
estimated value of direct farm market;ngs in 1974 of over $700,000,000.
This production is primarily dependent on the irrigation of about 356,000
harvested hectares (880,000 acres). 1
 To support this level of agricultural
production, Kern County will consume over 660,000 acre-feet of California
Aqueduct water alone in 1975. This consumption will be at a mean cost
of $20 per acre-foot for the 16 water districf ,. within the county. Imported
water from the California Aqueduct only !z :Appl arients an annual ground-
water extraction of approximately two million acre-feet, or about four
times that amount being imported by the state project. Kern County's
continued demand on its groundwater resource, at rates exceeding the
safe yield, has resulted in a continuous decline of groundwater levels
over most of the county. For example, during 1972 unconfined water
E
i
1 Stockton, James W., 1974 Annual Crop Report for the County of Kern.
Bakersfield: U.S. Department of Agriculture, 1975, p. 1-5.
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4elevations declined 6, 9, 12, and 29 feet at the Vista, Semitropic, 1
Kern River Delta, and forth Kern Mater Storage Districts, respectively.
It is anticipated that the rate of this overdraft will be reduced
as water districts overlying the groundwater basin increase their use of
F	 California Aqueduct water and decrease their use of groundwater.
'
	
	 Analysis of projected California Water Project deliveries by use
for Kern County through 1990 (Figure 3•-1) illustrates that irrigation
water and groundwater replenishment account for approximately 84% and
11% of the Kern County Waiver demand respectively. The urban-industrial,
recreation including fish and wildlife sectors demand the remaining 5%
of the Kern County 1990 water requirement. Even with the maximum supplies
of imported state water contracted for in 1990 (the demand for which
will be realized as early as 1980) Kern County will be overdrafting
its basin if irrigated agricultural lands are expanded beyond their
present areal extent. The situation is critical and the potential
benefits which may occur as a result of increased efficiencies, derived
through the utilization of remote sensing techniques, could be significant.
The interface of remote sensing derived information with the present
Kern County groundbasin model should facilitate a near real-time pre-
a "	 diction of agricultural water demand, thus enabling the Kern County
Water Agency to anticipate:
° the total amount of water demand (ground and/or imported)
on a seasonal basis;
K _	 the amount of imported water available and/or demanded for
groundwater replenishment;
° possible water exchanges and rerouting alternatives.
The implementation of such a near real -time water management system
could provide significant dollar benefits to Kern County.
Prior to the interface with GRSU, the KCWA in cooperation with the
State of California, Department of Water Resources (DWR), realized the
need for a water demand forecasting capability ana contracted with TEMP02
to develop a digital computer model of the groundwater basin. This model
was initially driven by historical data and relied heavily on agricultural
land use data derived from terrestrial surveys. The GRSU has critically
analyzed the KCWA hydrology model and identified those model parameters
directly amenable to remote sensing. These parameters are depicted in
1 Kern County Water Agency, Annual Report - 1972 and 1973. Bakersfield:
1(CWA, 1974
2 TEMPO, Center for Advanced Studies of Santa Barbara, California, a
subsidiary of General Electric.
: !:t
^•H-1—! Via:	 y .-..?4 1 `_'^^fi-i-. 3__»e:.t-.i.
0
1966
1400
1200
1000
w
1
I-u.l
ur
LL
a 800
Ua
8
v,	 00
Z)O
400-
200-
fxAnd thereafter
WATER USE (DEMAND)
RECREATION
FISH AND WILDLIFE
ba^..
GROUND WATER
REPLENISHMENT
_^..'-.- IRRIGATION
URBAN MUNICIPAL
AND INDUSTRIAL
PROJECTED CALIFORNIA WATER PROJECT DELIVERIE S
TO KERN COUNTY
C,1
c. cuxrutjfz r Acinore ),en3irjg Unit. Unirnrsiq' of California ar Sm!!a Barbara
Figure 3-1. By 1990, irrigation water use in Kern County will account for a
pproximately
84% of projected water deliveries from the California Water Project while groundwater
replenishment will account for some 11%. Recreation (including fish and wildlife) and
urbar municipal and industrial uses account for the remaining 5%.
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Table 3-2.
By identifying those input parameters amenable to remote sensing
and in turn concentrating on those parameters which carry the most leverage
in the water demand prediction, GRSU began to develop remote sensing
techniques and methodologies to meet the KCWA models' data requirements.
In the near future data derived from remote sensing will be utilized in
a dedicated model run and the results compared to a similar run based
s:lely on conventionally derived data (see Appendix I). The results of
such a comparison, if an increase in prediction accuracies can be demon-
strated, have important implications.. For example, there are currently
about 900,000 acres under irrigation in Kern County out of 1,600,000
potentially irrigable acres. The countywide crop value for a section of
land (640 acres) is approximately $500,000 ($800 crop value/acre x 640
acres/section). Therefore, in principle, for each 1% of increased
efficiency in the application of irrigation waters that result from the
use of improved data in the hydrologic model, approximately 12.5
additional sections could be brought into production. An addition of
this magnitude would represent a crop value of approximately $6,250,000
dollars. in addition, although some comparative cost analyses between
conventional and remote sensing techniques have been documented (e.g.,
cropland inventories), a substantial research effort is currently being
directed at determining the cost-effectiveness of the remote
detection of several other parameters i.e., croptype, soil salinity, and
perched water. It is hypothesized that in addition to being cost
effective in their own right, several of these remote sensing procedures
may also help increase the efficiency of mandatory terrestrial data
surveys by creating a more accurate stratification plan for sampling or
mapping.
GRSU research on the development of remote sensing techniques for
the generation of water demand statistics is leading to a remote sensing/
user agency data flow as illustrated in Figure 3-2. In this capacity,
remotely sensed agricultural acreage and its inherent components (i.e.,
croptype, fallow, double cropping, etc.) are extracted (classified)
primarily from LANDSAT data which has had supervised training sets
defined. The irrigation rates from auxiliary data are refined through
remote sensing (i.e., croptype, pre-irrigation, salinity leaching
`y	 requirement). These two data sets are then interrogated to yield the
output irrigation water demand prediction statistics. These statistics
are then used by the user agencies, i.e., KCWA, Water Storage Districts,
agribusiness concerns, etc. to optimize the water management decisions
discussea earlier.
The following sections will discuss GRSU's research conducted to
further evaluate the components within the acreage and irrigation rate
water demand parameters. The current status of the remote sensing inven-
tory techniques will also be discussed, as they relate to a semi-automated
irrigation water demand prediction for a portion of the Wheeler Ridge-
Maricopa Mater Storage District in Kern County.
i
TABLE 3-2. Kern County Water Agency: Critical Hydrology Model Inputs Amenable
to Remote Sensing.
External Quantity not
et Incorporated into
Model
soil salinity
DEFINITION
total amount of irrigated
acreage
acre-feet water require-
ment by individual crops
for evapotranspiration
volume of unsaturated soil
of node overlying perched
water table x nodal deep
percolation
soil salinity (electrical
conductivity) and the
leaching requirement in
acre-feet
SOURCESREMOTE SENSING CAPABILITIES
IDENTIFY-MEASURE,
periodic air surveys
	
irrigated croplands
modified in districts
Department of dater Re-	 crop identification
sources, experimentation
with individual crops
calculated from field 	 soil moisture
work (soil surveys)
field investigations
	
perched water table areas
field investigation	 salinity damage assessment;
soil salinity prediction
EXTERNAL QUANTITIES
Agriculture Useage
gross irrigated acres
unit agricultural
consumptive use
w	 Surface & Groundwater
co	 Movement
volume of moisture
deficient soil
% to perched water
table
t.I't	
E
LQ
j
• CLASSIFICATION
— water demand model parameters
on a per field and nodal basis
REMOTE SENSING DATA STREAM
o LANDSAT ORIENTED
o HIGH ALTITUDE SUPPORT
I	 ANCILLARY DATA	 I
c INPUT TO ALL LEVELS AS
AVAILABLE AND AFPROPRIATE
PRE-PROCESSING
*GEOMETRIC CORRECTION
AND REGISTRATION
C RADIOMETRIC CORRECTION
I	 EXTRACTIVE PROCESSING	 I
SUPERVISED FEATURE EXTRACTION
— training set development
WATER DEMAND MODEL
*INPUT
— acreage estimates
— irrigation rates
• OUTPUT
— water demand prediction statistics
MANAGEMENT DECISION	 I
• PUBLIC SECTOR
— plan and operate irrigation projects
— manage other inter uses
°PRIVATE SECTOR
— agribusiness
I	 Geography Remote Sensing Unit, tilfiversill of California at Santa Barbara
Figure 3-2. A diagrammatic representation of data flow through a remote sensing water
demand prediction system. Once User information requirements are defined and operational
procedures developed for satisfying those requirements, the remote sensing data stream is
processed (pre-processing and extractive processing) in conjunction with ancillary data
to provide acreage and irrigation rate estimates. These basic inputs into the water
demand prediction essentially drive the model. Water demand predictions are then used in
both the public and private management decision sectors.
l
	3.20	 MATER DEMAND PREDICTION
	
3.21	 Analytical-Analysis and'Ranking of Water Demand Variables
	
3.22	 Introduction
The total Kern County hydrologic system is both complex and dynamic.
The KCWA groundbasin model must therefore incorporate detailed, yet
relatively stable geologic information, in conjunction with constantly
changing agricultural land use information. The most dynamic element of
this system is the amount of irrigation water applied to agricultural lands.
This water may either be pumped from local groundwater basins, with a
negative impact on groundwater levels, or imported from other regions,
thus potentially having a positive impact on local groundwater levels.
At present, approximately 1,150,000 acre-feet of water is imported yearly
through state and federal projects. However, since the exact amount of
groundwater pumpage and irrigation water applied to the land is not Known,
accurate estimates for both of these quantities are required as model
inputs. In areas where com- 1 ete metering of groundwater pumpage is not
available, as is common it Kern County,, the total amount of applied water
(i.e. demanded water) must be estimated by knowledge of irrigated acreages
and water application rates. Figure 3-3 graphically illustrates those
variables considered to be of most importance to agricultural water
demand prediction in the Southern San Joaquin Valley area of California.
In order to more accurately assess the impact of these factors as they
influence a water demand prediction, studies by our group during this
report period have -focused on the individual effects of these variables.
There is a wide spectrum of techniques which can be utilized to
generate water demand predictions, as illustrated in Figure 3-4.
These vary primarily according to the generality of the two primary inputs,
i.e. acreage and application rate estimates. For the specific variables
studied during this report period the two most extreme levels of input
generality have been used. These levels entail irrigated cropland acreages
and countywide average application rates for the most general approach,
and crop type acreage and application rates as the most specific approach.
It should be pointed out that the optimization of operational procedures
to be accomplished at a later date may result in some intermediate approach.
As discussed in the May 1975 Annual Report, the more general approach
using cropland acreages and an empirically derived countywide average
application rate (3.38 acre- feet/gross acre) consistantly resulted in
overestimations of water demand for the Lost Hills Water Storage District
of Kern County. District-wide prediction accuracies from 1971 to
1974 averaged only 62%. Because the errors associated with these predictions
were systematic, accuracies could be substantially improved by applying
appropriate estimation ratios (i.e. corrective constants) which are
calculated to minimize the systematic prediction bias. The reported im-
provement in the mean prediction accuracy accomplished through the
application of such procedures was 31%, bringing the average accuracy to
r
r
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AGRICULTURAL WATER DEMAND PREDICTION VARIABLES
d,
18
vo
!y
Y
CROPLAND OR CROPTYPE ACREAGE ESTIMATES
FALLOW LAND
• MULTIPLE CROPPING
• DRY FARMING
OTHER VARIABLES
IRRIGATION RATE
influenced b):
• CROP TYPE ON A PER FIELD BASIS
• PRE-IRRIGATION
• PHYSIOGRAPHIC VARIABLES
— soil type
— soil moisture
— soil salinity leaching requirement
• METEOROLOGICAL VARIABLES
— evapotranspiration
— precipitation
• WATER PRICING
• OTHER VARIABLES
OUTPUT:
(croptype (or cropland) acreage) x [irrigation rate]
AGRICULTURAL WATER DEMAND PREDICTION
I'
	
	 I
Geograpip- Remote Sensing Unit. Unit ersir) •
 of California at Santa Barbara
Figure .3-3. The range of variables considered to be of greatest importance in determining
agricultural water demand in the Southern San Joaquin Valley of California.
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RANGE AND SPECIFICITY OF AGRICULTURAL
WATER DEMAND PREDICTION PROCEDURES
FOR THE KCWA GROUNDBASIN MODEL	
^V
ANNUAL, NODAL
CROPLAND
ACREAGES
--- -COUNTY -	 `o
AVERAGE
I R	 ATE
i
ANNUAL, NODAL
CROPLAND
ACREAGES
' - - DISTRICT -
AVERAaE
IRRIGATION
ANNUAL,
NODAL
WATER
I 
VA 
DEMAND
PREDICTIONS
ANNUAL, NODAL
CROP-SPECIFIC v
ACREAGES y
CROP-SPECIFIC	 ' °-
IRRIGATION 2
RATES
SELECTED RANGE OF	 KCWA MODEL
PROCEDURES POSSIBLE	 INPUT
PROCEDURES	 REQUIREMENTUNDERSTUDY
*The Kern County Water Agency hydrologic model
requires that the wa.-r demand prediction data be
spatially accurate to a. least the nodal 19 x 9 sq, mile,
level.
d
i
Gcographv Remote Sensing (brit, Urriversitr uJ' C'ali i6rnirr at Santa Barbara
Figure 3-4. The range of procedures from general to specific
which may be employed to estimate nodal agricultural water
demand in Kern Countv.
3
i
y-I2
i
.a
93%.	 The significance of this improvement is that for the Lost Hills
Water District calibrated cropland acvhea a estimates alone were ca able
R_ achieving sufficiently accurate water 	 emand pre fictions for model input.
' However, as also reported, the calculation of reliable estimation ratios
can oni ty occur in areas where the total amount of applied water is known.
In Lost Hills there is a total reliance upon imported water, therefore
these figures are available.
	 However, in those areas where groundwater
pumpage occurs, the total amount of applied water is an unknown quantity
' and sufficiently reliable adjustment factors cannot be calculated. 	 Esti-
mation ratios, then, improve prediction accuracy by accounting for
i the combined, yet consistent effect of various other factors influencing
- water demand, such as crop type, double cropping, fallow land, etc.	 With
crop specific information incorporated into the Lost Hills predictions
the average district--wide accuracies increased to 91%.	 Therefore in
„ this case, it can be concluded that most of the prediction improvement
value of the estimator ratio lay in its ability to account for crop
specific information.
W " The purpose of our present research, reported herein, is the
quantification and rank ordering of the
	 individual variables involved
In water demand prediction at the more specific nodal level.	 In addition
to crop specific effects, the other variables studied to date include:
fallow land, double-cropping, and pre- irrigation.	 These variables have
been selected for study because of their anticipated importance and/or
their amenability to study using remote sensing techniques. 	 It is
anticipated that water pricing policies and soil type effects will be
analyzed during the next reporting period.	 As shown in Figure 3.3 all of
these variables affect either the acreage estimate or the irrigation
rates, the two basic inputs of the water demand prediction procedure.
Our previous studies have primarily involved the Lost Hills Water
Storage District. We have recently shifted our emphasis to the Wheeler
Ridge•-Maricopa Water Storage District owing to the availability of more
reliable collateral information. Both of these districts possess
attributes which make them advantageous for study due to their complete
dependency on imported water for irrigation, i.e. no groundwater pumpage
T	 is known to occur. The total amount of irrigation water used can thus
be determined by examining California Aqueduct and canal records.
3.212	 Goal
s.
The objective of this research is the development of techniques to
;.	 accurately predict total irrigation water demand and to determine its
source. These techniques are being developed to operate on a nodal scale
as required by the KCWA model. At present, the water prediction techniques
are being developed using high altitude photography, LANDSAT imagery,
and field survey crop maps. However, the project is oriented towards the
development of cost-effective techniques using LANDSAT imagery. The
development and refinement of water prediction techniques in the Lost
Hills and Wheeler Ridge-Maricopa districts is continuing with the eventual
3_13
goal of applying these techniques to the remaining districts included
in the hydrologic model area.
The immediate goal of this phase of the study is to quantify 'he
effect of selected variables on the accuracy of nodal water demai pre-
dictions and to identify those remote sensing techniques and methodologies
which will facilitate the inclusion of these variables in a water demand
prediction procedure.
	
3.213	 Methodology
Each variable i.e. crop type, fallow land, pre-irrigation, and double
cropping, has been investigated individually to quantify the particular
effect on the accuracy of its inclusion or exclusion in a water demand
prediction procedure. For most variables, the effect on accuracy
has been quantified for both of the two basic prediction methods, one
using cropland data and the other utilizing crop type data.
The variations in accuracy due to the inclusion or exclusion of a
variable in a specific water demand prediction using crop type data is
quantified by comparing nodal crop type water demand predictions to the
same predictions which have been improved through the consideration of
the particular variable. For the purposes of comparison, the improved
crop type prediction is assumed to be 100% correct. The difference in
accuracy is calculated as the percent error of the prediction which did
not consider the variable being investigated.
The difference in accuracy due to the inclusion or exclusion of a
variable in a water demand prediction u*ing cropland data is quantified
in the following process: 1) The unimproved cropland prediction is
compared to the improved croptype prediction. The latter prediction, as
before, is assumed to be 100% correct. If the two predictions are compared
the resulting improvement in accuracy is due not only to the inclusion of
the variable in question, but also to the inclusion of crop type data.
In order to separate the improvement due to inclusion of the variable
from the improvement due to crop type data, it is necessary to make an
additional comparison. 2) If an improved cropland prediction is compared
to an improved crop type prediction, the resulting difference in accuracy
is due to the inclu<<on of crop type data only. If this percent accuracy
value is subtracted from the percent accuracy value resulting from the
first comparison (unimproved cropland versus improved crop type prediction)
the resulting difference is the change in accuracy caused by the inclusion
of the variable in a cropland water demand prediction.
	
3.214	 The Effect of Crop Type Information on Water Demand Prediction
Accuracies
The crop pattern in a district or node is one of the most important
factors for the accurate prediction of irrigation water demand. A node
3-14i
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TABLE 3-3
Selected 1974 Modal Croptype Breakdowns and Resultant
Nodal Average Irrigation Rates for the Wheeler Ridge-
Maricopa Water Storage District
CROP GROUP
OR TYPE
IRRIGATION
RATE PERCENT OF TOTAL CROP ACREAGE.
Node 195 Node 201 Node 206 Node 213 S District
Alfalfa 4.4 5 0 0 0 2
Grain 1.1 30 0 3 36 5
Rice 7.0 0 0 0 0 0
Grapes 3.1 13 0 10 64 12
Dec. Fruit
and Nut 3.2 0 0 1 0 8
Subtropical
Fruit 3.0 0 0 4 0 6
Misc. Truck 3.0 6 0 42 0 14
Potatoes 2.7 17 0 1 0 4
Misc. Field
Crops 3.0 0 0 1 0 1
Cotton 3.3 31 100 39 0 50
Sugar Beets 3.5 0 0 3 0 2
1 AVERAGE 1974	 2.6	 3.3	 3.1	 2.4	 3.1
IRRIGATION RATE
BASED ON CROP
ACREAGE AND CROP-
SPECIFIC IRRIGATION
RATES (ACRE--FEET/NET ACRE)
=	
h
The above irrigation rates are taken from a document entitled:
The Pacific Southwest Inter-Agency Committee Water Resources Council, Comprehensive
Framework Study, California Region, Appendix X, p.99.
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is most likely to have a particular water demand because of the pattern of
crops in the nodes owing to the variability of crop-specific irrigation
rates. The variation of crop-specific irrigation rates and the difference
in crop patterns is shown for a select number of Wheeler Ridge-Maricopa
Water Storage District nodes in Table 3-3. The average nodal irrigation
rates are also shown. During this reporting period, the increase in
accuracy with the inclusion of nodal crop type data in a water demand
prediction procedure has been defined. Predictions generated from two
procedures, one utilizing crop type data on a nodal basis and one using just
cropland (i.e. agriculture/nonagriculture) have been compared in order to
quantify the increase in accuracy due to the inclusion of crop type data
in the water demand prediction. Predictions have been made for each of the
40 nodes in the Wheeler Ridge-Maricopa Water Storage District for the years
1972, 1973, and 1974. in the p••ocedure using only cropland data the acreage
in each node is multiplied by the appropriate annual district average
irrigation rate. As a procedural note, it is important to realize that
in this cropland prediction, the most accurate average irrigation rates
are used; i.e. district average irrigation rates calculated for the specific
year in which they are used. On a current operational basis less accurate
irrigation rates would generally be used, such as a countywide irrigation
rate, or an irrigation rate calculated for one year and applied to succeeding
years. Water demand predictions made with such a cropland irrigation rate
would be less accurate than predictions made with the annual, district
rates used in this study.
The water demand prediction procedure utilizing crop type data re-
quires the multiplication of the crop type acreage by each crop's specific
irrigation rate. The resulting crop-specific water demand predictions
are then totaled to produce the total irrigation water demand prediction.
For the purpose of comparison, the latter predictions have been assumed to
be 100% correct. Table 3-4 illustrates that the inclusion of crop-
type data significantly increases the district-wide mean nodal water demand
prediction accuracies by 6.3% for the three years studied; much larger
impacts are possible and have been noted in the Lost Hills District.
TABLE 3-4
The Increase in !Nodal Water Demand Prediction Accuracy with
the Inclusion of Croptype (versus Cropland) Data for the
Wheeler Ridge-Maricopa Water Storage District (1972-1974)
Node	 1972	 1973	 1974
195	 3.8	 8.2	 19.9
201	 5.5	 11.9	 7.8
206	 6.1	 3.2	 1.0
213 S	 14.8	 3.5	 33.1
District wide mean	 8.4	 5.9	 4.5	 X = 6.3%
nodal increase in
accuracy (weighed
by acre-feet)
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An increase in water demand prediction of this magnitude can be illustrated
by analyzing the difference between the 1974 district average irrigation
rate and the a v erage nodal irrigation rate (based on crop acreage and
crop specific irrigation rates) for just four of the forty nodes in the
water storage district (Figure 3-5). As illustrated, over or under-
estimation of district water demand may result if only the cropland (agri-
culture/non-agriculture) data and the district-wide average irrigation
rate are applied. District water demand predictions based on nodal crop
type and crop specific irrigation rates are significantly more accurate.
3.215
	 The Effect of Fallow Land Information on Dater Demand Prediction
Arriirnr-iac
Fallow land is tilled, but not cropped or irrigated. In many crop-
land mapping procedures, it is often included in the cropland category.
In a water demand prediction procedure using cropland data, the inclusion
of fallow acreage in the cropland (irrigated) acreage estimates will
result in an overestimation of crop acreage, and therefore an overestimation
of water demand. Conversely, fallow lands will not cause a decrease in
accuracy in a water demand prediction procedure utilizing crop type acreage
data because,if it is possible to discern the crop type in a field, it
is also possible to classify fallow land. In a water demand procedure using
crop type data, fallow fields would be identified and deleted.
This analysis will identify the effect of fallow land inclusion
in a prediction which uses cropland acreages measured in the spring of
the year; in other words it is a spring prediction. The amount of acreage
which is fallow in the spring is greater than that which is fallow through-
out the year, due to summer and fall planting. Therefore, the effect
quantified here is larger than that which would be encountered with a
prediction using multitemporal acreage data, where summer and fall plantings
would be included.
In order to quantify the variation in accuracy resulting from the
inclusion of fallow data, two comparisons have been made. One is the
comparison of the unimproved cropland prediction, with a croptype prediction
including fallow information. The other is a comparison of an unimproved
croptype prediction and the improved croptype prediction (with fallow data).
The differences of the resulting percent accuracy values is the improve-
ment in accuracy with the inclusion of fallow data.
The change in cropland water demand prediction accuracies with and
without fallow data have been computed for the Wheeler Ridge-Maricopa
Water Storage District for the years 1972-1974. The increase in water
demand prediction accuracy for four select nodes is shown in Table 3-5.
The mean nodal increase in percent accuracy for all 40 nodes for the
three year time period is 7.99.
ti^
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VERSUS SELECTED NODAL AVERAGE IRRIGATION RATES
BASED ON CIROPTVPE DATA FOR TIME WHEELER RIDGE -- MARICOPA
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Geography Remote Sensing Unit, Universit} , of California at Santa Barbara
Figure 3-5. Comparison of district average irrigation rate and
nodal average irrigation rakes based on croptype data. Over or
underestimation of district water demand may result if only the
1 d t	 1 d/	 1 nd) data and the district-wide average
TABLE 3-5
Increase in Percent Accuracy Due to the 'Inclusion of Fallow
Data in a Nodal hater Demand Prediction lasing Either Crop-
land or Croptype Information: Wheeler Ridge-Maricopa Water
Storage U;%trict (1972-1974)
Node	 1972	 1973	 1974
198	 5.0% (2.2%)	 2.8% (.9%)	 2.3% M RV
204	 2.6 (ZO.9)
	
3.4 (Z.Z)
	
2.3 (8.0,1
208	 0.4 (8.9)
	
19.7 (24.8) 27.0 (2Z.3)
213	 5.8 (15.7)
	
0.0 (o.o)	 18.0 (5.5)
District wide mean
nodal increase in	 8.6 (9.2)	 3.9 (4.Z)	 11.3 (10.3)
accuracy (weighted by 	
X = 7.9% MM
acre-feet)
Similarily, by comparing unimproved and improved (including fallow
data) crop type water demand prediction accuracies, it was found that the
w.	 inclusion of fallow land data also increased district-wide mean nodal water
demand accuracies by 7.9 1/0 over the three year period (Table 3-5).
In both the cropland and croptype investigations the changes in accuracy
vary significantly from node to node as well as from year to year. This
reflects the uneven occurrence of fallowing on a nodal basis which is
affected by such diverse variables as the cropping pattern and rotational
practices followed within given nodes, soil conditions, and economic variables
such as the cost of water, the value of the potential crop, and the amount
the land is taxed.
3.216	 The Effect of Pre-Irrigation Information on Water Demand Prediction
Accuracies
Pre-irrigation is the preliminary a p plication of water to new cropland,
primarily to increase the soil moisture to a sufficient level for the first
plantings' In a water demand prediction procedure, pre-irrigation is important
because it is an application of water in addition to the usual requirement.
Pre-irrigation will have some effect on prediction accuracies even in nodes
which have no area for further growth owing to the potential need to pre-
"'	 irrigate lands which had been fallow. However, as more nodes reach their
maximum potential cropland acreage the importance of pre-irrigation co water
demand prediction accuracies should diminish. As a result of our research
we feel at this time, consideration of this variable can prevent significant
underestimation of water demand in those nodes where a considerable amount of
land may be fallowed or in areas where large amounts of marginal land are 	 f
being developed for agriculture. This is the case in the Wheeler Ridge-
Maricopa Water Storage District where approximately 13,000 and 8,000 acres
nr:	 came into production during 1973 and 1974,respectively.
In some instances the term also is applied to pre-irrigated fallow land. 	
3
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Acreages included in the pre-irrigated category are those which came
into production between successive cropping years beginning with the spring
of the year. The majority of the lands (over 90%) which came into production
are pre-irrigated due to the aridity of the area and the subsequent dryness
of the virgin soil. Crops which do not always require pre-irrigation are
grains and some of the shallow-rooted truck crops. Considerat 4 on of these
crops, however, is included in the calculation of the avera ,c pre-irrigation
rates. This enhances the credibility of the assf-mption that new lands which
come into agricultural production are pre-irrigated.
The effect of the inclusion of pre-irrigation data o^, nodal predictions
made with cropland data has been calculated for the Wheeler Ridge-Maricopa
District for the years 1973 and 1974. Water demand due to pre-irrigation has
been estimated by multiplying the pre-irrigated acreage by an annual Kern
County average pre-irrigation rat:., . This value, calculated by averaging crop-
specific pre-irrigation rates weighted by the respective county crop-specific
acreages, is 0.7 acre-feet per acre for 1973 and 1974. The increases in
accuracy with the inclusion of pre-irrigation data are shown for select
nodes in Table 3-6. The average district nodal increase in percent accuracy
for these two years was 2.8%.
TABLE 3-6
Increase in Percent Accuracy Due to the Inclusion of Pre-Irrigation
Data in a Water Demand Prediction Using Either Cropland or Croptxype
Information: Wheeler Ridge-Maricopa Water Storage District (1973-74)
Mode
	
1973
	
1974
192
	
0.0% (0. 0%) 	 2.4% (1.3%)
195	 .7	 (0.8)	 1.2	 (0. 7)
205
	
1.8 (2.4)	 1.3 (4.2)
212
	
5.8 (8.4)
	
9.3 (13.1)
District wide mean
nodal increase in
accuracy (weighted
by acre-feet)
3.0% (4.1%)
	
2.6% (2.5%)
X = 2.8% (3.3%)
The effect of the inclusion of pre-irrigation data on nodal water demand
predictions made with croptype data has been determined by comparing a crop-
type prediction witho;,t pre-irrigation information with a cropi;7Pe prediction
with such data. Again, the latter is considered tc be 100% correct for the
purpose of •,omparison. The results are computed as the change in percent
accuracy due to the inclusion of the pre-irrigation data. The average district
nodal increase in per(>nt accuracy for 1973 and 1974 is 3.3% (Table 3-6). In
a number of nodes there was no new land and therefore, no increase in accuracy
with the inclusion of pre-irrigation data. However, in other nodes there is
a significant increase in accuracy with the inclusion of pre-irrigation data.
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The Effect of Multiple-Cropping Information on Vater Demand
Prediction Accuracies
Multiple cropping is the presence in one field of two or more successive
crops which complete all or most of their phenological cycle within one year.
The occurrence of multiple cropping in an area effectively increases the
cropped acres in an area by a factor of two or more, and thus, significantly
increases the water demand of that area. In a water demand prediction
procedure it is necessary to include data on multi-cropped areas in order
,r to prevent underestimation of the water demand.
For most areas in Kern County, the multi-cropping pattern that will
_	
most often be encountered is double-cropping; triple-cropping is much less
common. However, it is important to consider triple-cropping as its
^.	 occurrence can effectively triple the water demand of an area. If the
triple-cropped acres are concentrated within one node, significant errors
of underestimation could occur.
The increase in water demand prediction accuracy due to the inclusion
t	 of multiple cropping information in a prediction made with cropland
data was found to be 2.8% for 1974 (Table 3-7).
TABLE 3-7
j	 Increase in Percent Accuracy Due to the Inclusion of Multi_p_1_e-
Cropping_Data in a Water Demand Prediction Using Either Cropland
or croptype Information: Wheeler Ridge-Maricopa Water Storage
District (1974)
Node	 1974	
0o77210	 2 .0% (0.0 % )
195	 0.0 (0. 0)
216	 1.8 CZ4.01
198	 0.0 (1.9)
206	 14.1	 Cs.a1
District wide mean	 2.8% (3.6%)
nodal increase in
accuracy (weighed
by acre-feet)
I
The effect of the inclusion of double-cropping data on nodal pre-
dictions made with crop type data has been calculated. The result was a
district-wide mean nodal increase in percent accuracy of 3.6%. In both
situations, the nodal increases in percent accuracy range from 1.0% to
at least 20% for the entire district. This variation in percent accuracy
improvement is due to the uneven nodal distribution of double-cropping.
This distribution is largely the result of the nodal crop breakdown;
double-cropping is possible only with certain crop types such as the grain
a.
3.^
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crops and certain truck crops, notably lettuce or potatoes. In nodes
where concentrations of these crops occur such as node 206, there arelikely
to be significant amounts of double-cropping. In such areas a significant
increase in water demand prediction accuracy can occur when double-cropping
data is included in the prediction process.
3.218	 Summary
The preceding research was initiated to identify, in a quantitative
manner, the individual effects of several variables on water demand pre-
dictions. Analyses were completed on a nodal basis using both of the major
data gathering techniques, i.e. cropland and croptype inventories. This
research is proving useful for determining the specific information components
necessary for accurate water demand predictions. From a ranked variable
list, such as shown in Table 3-8, water resource managers may eventually
be able to design an optimum data collection system for their respective
regionsby selecting those components most responsible for maximizing accuracy
levels.
One of the most interesting effects noted in Table 3-8 is that produced
by fallowing practices (8.0%) which exhibits a somewhat larger impact on
water demand prediction accuracies than croptype data (6.3%). Since
fallow land usually receives no irrigation, the rationale for its large
impact is relatively si^iiple; its exclusion will result in over-estimations
equal to the otherwise assumed irrigation rate. Also of major importance
are the errors attrifutable to the lack of croptype data, which will
be equal to the difference between the assumed irrigation rate and the
true crop specific irrigation rate (refer to Figure 3-5). Both fallow and
croptype data were found to have two to three times the impact on water demand
prediction accuracies when compared to multiple-cropping and pre-irrigation
data . Of even greater importance is the larger range of potential nodal
errors (nearly 5 tires that of multiple-cropping and pre-irrigation) which
are possible when croptype and fallow land data are not included in a pre-
diction procedure. This supports the visual observation that both fallow
and cropping patterns tend to occur in a more clustered manner than either
+aouble-cropping or pre-irrigation, resulting in significantly larger impacts
on specific nodal accuracies.
It is important to rrm ber that these variables are not necessarily
independent, and any prec, - ion procedure may incorporate one as a subset
of another. For example, a thorough croptype inventory would be expected
to include all four components, i.e. croptype, multiple-cropping, fallow and
pre-irrigation data. The summary Table 3-8 thus documents only the individual
impacts associated with each data component and suggests what types of data
should be obtained.
To demonstrate the utility of remote sensing techniques to acquire data
for water demand prediction, Node 199 (9 square miles in area) of the Wheeler
Ridge-Maricopa Water District was selected and LANDSAT based water demand pre-
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sdictions compared to California Aqueduct canal records. 	 Multidate LANDSAT
imagery was analyzed to determine crop specific acreages for this node's
1973 growing season.
in detail
	
in Section
The procedure employed in this prediction is discussed
3.23.	 Results of this water demand prediction for node
199 are shown in Table 3-9 which includes a comparison with conventional
field based estimates and the more general estimates made from cropland data.
In both the Croptype and croplands predictions, LANDSAT derived estimates
-	 proved more accurate than conventional field based estimates.	 We should,
however, view these initial results with some caution owing to the limited
extent of the study area (5,750 acres).
	
We are, however, encouraged and can
suggest what appear as two primary reasons for improved accuracies via LANDSAT.
First, better acreage estimates seem reasonable since even the LANDSAT derived
cropland water demand prediction is more accurate than the water district's
field based estimate. Secondly, as will	 bz ;jiscussed in Section 3.5, the
LANDSAT crop specific classification statistically infers that the field
yr	 based crop map, rather than the LANDSAT derived classifications, may be
incorrect in several instances.	 This conclusion is also supported by the
slightly better water demand prediction obtained from the LANDSAT imagery
TABLE 3-8
Summary Ranking of Water Demand Prediction Variables
Investigated to Date and Their Influence on Nodal
Water Demand Predictions in the Wheeler Ridge-Maricopa
Water Storage District
Rank Variable Prediction
Procedure
District-Wide Mean Nodal
Increase in Water Demand
Prediction Accuracy Due to
Inclusion of the Variable
Range of Nodal
Errors	 (°^)
1 Fallow Cropland 7.9 0-75
Land Croptype 8.0 0-96
2 Croptype Cropland vs. 6.3 0-90
Croptype
3 Multiple= Cropland 2.8 0-19
Cropping Croptype 3.5 0-16
4 Pre- Cropland 2.8 0-20
Irrigation Croptype 3.3 0-29
Itt
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Table 3-9. hater Demand Prediction for node 199 of Wheeler
Ridge-Maricopa Water District, 1473
w
NA
(Acreage)
Water Demand Prediction Water Demand Water Demand
4 5
Cotton
6
Melons Sugarbeets 7Prediction Methodology ^` Accuracy
It
BarleyPrediction
1
Water District 97.9% 10,643
(540)
594
(2320)
7262
(340)
972
(545)
1815
CROPTYPC
	 2
GRSU
I	
99.3% 10,502
(304) (2415) (330) (500)
1 334 7559 944 1665
Water District l 78.6% 12,658 12,658
CROPLANDS
GRSl13 85.0% 11,996 11996
California Aqueduct
Canal Records 100.0% 10,428
(assumed 100% accurate}
l Water Cistrict field map
2LANDSAT based croptype classification and
acreage estimates
3LANDSAT derived acreage estimate
4,5,6,7Crop specific irrigation rates:
Barley = 1.1 acre-ft/year
Cotton = 3.13 acre-ft/year
Melons = 2.86 acre-ft/year
Sugarbeets = 3.33 acre-ft/year
8A prediction based on the county-wide average
irrigation rate of 3.38 acre-ft/year
y
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3.22	 REMOTELY SENSED CROPLAND INFORMATION FOR WATER DEMAND PREDICTION
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Introduction
The Geography Remote Sensing Unit in cooperation with KCWA, has re-
cently completed an indepth analysis of the accuracy and cost- effective-
ness of remote sensing techniques for acquiring cropland l data. Over
 184,000 hec (456,000 acres), nearly one third of Kern County's agricultural
lands (Figure 3-6), have been inventoried by: 1) terrestrial investigations
conducted by cooperating water districts, 2) photointerpretation of high
altitude color infrared photography, and 3) image interpretation of LANDSAT
multispectral imagery. Analysis of the data generated by these inventories
provided the basis for accuracy and cost-effectiveness comparisons. Crop-
land data collected in connection with this study is required as input to
the groundbasin hydrology model of the San Joaquin Valley portion of
Kern County.
Kern County Water Agency has county-wide jurisdiction for water resource
management. KCWA is responsible for the forecasting of water supply
and demand and is directly involved in the allocation and pricing of eater
to 16 cooperating water districts within the county. In recent years Kern
County has experienced an increase in agricultural acreage due to the input
of new water supplies from the California Water Project, This dynamic
agricultural expansion prompted KCWA to contract for the development of a
mathematical model of le water basin underlying the San „oaquin Valley
portion of Kern County.
Cropland Data RationaZe - Before remote sensing techniques could be
used to generate meaningful inputs to the water demand model, it was
necessary to determine exactly what types of inputs were likely to be use-
fu	 These inputs are listed in Table 3-2. This analysis concluded that
the most dynamic element of water movement into and through the Kern County
groundwater basin occurs as a result of the application of irrigation water
to agricultural lands. 3 In comparison to an average Southern San Joaquin
Jensen, J.R., Tinney, L.R., and Estes, J.E., "An Analysis of the Accuracy
and Cost-Effectiveness of a Cropland Inventory Utilizing Remote Sensing
Techniques," presented at the 10th International Symposium on Remote_
Sensing of Environment held at Ann Arbor, Michigan, Oct. 6--10, 1975.
1 The term "cropland" as used herein is synonomous with "irrigated acreage"
as in the and environment of Kern County it is estimated that 99% of the
croplands present are actually irrigated.
2 This model was developed by TEMPO, Center for Advanced Studies, of
Sant, Barbara, California under contract to KCWA and the California
Department of Water Resources.
3 Tinney, Larry R., et al, "Operational Use of Satellite and }high Altitude
Remote Sensing for Generation of Input for Water Demand Models," Proceedings
of the Ninth International Symposium on Remote Sensing of Environment,
Ann Arbor, Michigan, April 1974.
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Figure 3-6. Cropland inventory study area in Kern and Santa Barbara
Counties. Cropland napping in Kern County from high altitude and
LANDSAT imager y is documented in this section. The Santa Barbara study
has just been initiated in cooperation with the Santa Barbara County
Dater Agency (see section 3.31 for discussion).
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Valley precipitation rate of 7.6 to 12.7 cm (3 to 5 in) per year, the
average yearly irrigation rate is 10,300 m 3/hec (3.38 acre-ft), or approx-
imately 81.3 cm (32 in). Irrigation water may be pumped from the ground-
water basin itself or imported from other regions of the state. Presently,
approx mately 1.4 x log m3 (12. x 106 acre-ft) of wate is imported Yearly
while future contractural agreements call for 2.0 x 10 m 3 (1.7 x 10 acre-
ft) by 1994.
As discussed in the previous section, an estimate of the "modelwide"
water flow resulting from irrigation activities can be generated from
knowledge of the total irrigated acreage and the average application
rate. If the KCWA model operated only at a general modelwide scale,
effective use could be made of multistage sampling techniques combining
ground sampling and remote sensing to estimate total irrigated acreage.
However, the model does not operate at such a general level and, except
for providing a method for monitoring general trends, such information is
of little value. In fact, it is a model requirement that the spatial
dimension of cropland data be retained to at ;east the nodal level of
aggregation, i.e. sampling has to be intensive enough to assure high
spatial accuracies. While most sampling techniques are impractical under
this restriction, many mapping approaches, such as those explored by the
GRSU, have been found both accurate and cost-effective. To test the
potential of remote sensing for providing cropland information as a model
input, research was directed towards a comparison of several methodologies
which employed remotely sensed data and conventional ground survey techniques.
This research documented both relative and absolute accuracy as well as
the cost-effectiveness of inventorying cropland by:
I	 Conventional terrestrial methods
2. Color infrared high altitude (1:125,000) photography
3. LANDSAT (1:1,000,000; band 5) imagery
Field verified information employed in the assessment of inter-
pretation accuracies was compiled by personnel of the Lost Hills (31,036
hec), Semitropic (90,649 hec), and Wheeler Ridge-Maricopa (62,847 hec)
water districts located in Kern County. District personnel determined the
1974 crop year condition of fields (cropland and noncropland) by direct
field examination. These data, although recognized as having their oven
variance, served as a control against which the remote sensing method-
ologies were tested for accuracy.
3.222	 General Remote Sensing Cropland Inventory Techniques
Color Infrared Nigh M itude (Z:Z25,000) Photographic Inventory -
To assure a uniform scale in the high altitude cropland inventory, interpreted
data were transferred to an acetate copy of a photogrammetrically controlled
1:125,000 basemap (see Figure 3-7). These maps include all nodal and
section boundaries in the valley portion of Kern County. As the nominal
1:125,000 high altitude image scale corresponded with the 1:125,000 basemap
scale, the visual transfer of cropland detail was accomplished with relative
r
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-figure 3-7.	 High altitude 1:125,000	 scale cropland inventory of Kern County, California. Note
:he three water storage districts delineated which comprised the study area for accuracy and
:ost-effectiveness comparisons between conventional and remote sensing cropland inventory techniques.
iease and without ancillary equipment. The majority of field boundaries
and roads follow section lines; however, when a variation between
photo and map occurred, such as that introduced by geometric distortions
away From the nadir, the photograph (or map) was adjusted on a section by
section basis. Realignment was usually necessary only at the township
level when the major portion of the area under investigation was in the
central portion of the photography. Three dates, November 27, 1973, April
4, 1974, and August 2, 1974, were used to compile cropland data with the
high altitude procedure.
As anticipated, the primary object recognition feature for identifying
cropland is the magenta signature expressed by healthy vegetation. The
optimum date for utilizing high altitude photography for cropland inventories
in Kern County was found to be August (the approximate height of the growing
season). A minor problem which exists with respect to the application
of single date high altitude photography is the misclassification of
abandoned fields, which are often difficult -to differentiate from fallow
fields. In addition, uniform grasslands completely enclosed by cropland
are at times misinterpreted as irrigated crops.
TANDSAT (Z: Z, 000, 000; Band 5) Inventory - A number of the interpretive
problems encountered when utilizing high altitude photography are minimized
when using multidate LANDSAT imagery. Acquiring multidate imagery of a
specific study area is simplified because LANDSAT imagery could be made
available at 9 or 18 day intervals for much of the earth's cropland.
Atmospheric conditions permitting, user agencies can now acquire sufficient
imagery throughout the year to conduct a cropland inventory. As later dis-
cussed, an increase in the number of inventoried dates was found to sub-
stantially increase accuracies, thus giving LANDSAT-type imagery a distinct
operational advantage over high altitude surveys. The synoptic view and
greater geographic coverage (100 x 96.3 nautical miles) per frame is a
further benefit as a greater amount of land can be inventoried on a single
frame, resulting in a smaller expenditure for imagery.
In each LANDSAT inventory, an optical transferring instrument was
used to simultaneously view a LANDSAT image and the 1:125,000 basemap.
Interpreted information was then transferred directly onto the basemap in
its correct planimetric position. The photographic enlargement of LANDSAT
imagery to basemap scale, coupled with the high altitude overlay mapping
procedure, should give results similar to the optical transferring method.
MM	 Approaches to Evaluating the Cro land Inventory Techniques
Initial Interpretation - To determine the variables which affect
cropland inventory accuracies, an interpreter was instructed to inventory
cropland in the Lost Hills Dater Storage District (31,036 hec). This was
accomplished in two modes. f= irst, the interpreter inventoried three single
dates of high altitude photography and the three single dates of LANDSAT
images to determine the relative and absolute accuracies of each against
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the field verified district inventory. Secondly, the interpreter utilized
all three images at one time, thus producing a multidate high altitude
(and LANDSAT) composite cropland inventory map. In this manner it was
possible to determine if the single or cumulative multidate approach was
more conducive to accurate inventories.
Results of this initial investigation are displayed in Table 3-10
There was no appreciable difference between single date high altitude or
LANDSAT cropland inventories. Thus, although there is some variance between
the single date high altitude and LANDSAT inventory accuracies, it is
minimal, if not random. The results of the cumulative multidate inventory,
Table 3-11 indicate that an increase in absolute LANDSAT accuracy (approxi-
mately 5 0%1) is possible when this technique is utilized. Note that the
absolute accuracy attained through the use of high altitude photography
remained relatively unchanged. This suggests that the cumulative impact
of LANDSAT single date images is greater than that of high altitude
photographs when used for cropland inventories (for three dates `)`. Interpreters
attribute this to the more distinctive cropland signature (dark) present
on LANDSAT band 5 images.
Based upon an analysis of interpretation errors made in both the
high altitude and LANDSAT inventories, it was determined that most errors
occurred in marginal cropland areas where many fields once in production
had been abandoned. It was therefore considered possible to increase
accuracies by using a simple dichotomous classification procedure in
which a field is labeled "cropland" only if a crop is distinctly visible.
Dichotomous Interpretation - An additional interpretation was initiated
which incorporated the modification discussed above. An interpreter was
instructed to classify land as cropland only when a certain crop was
present. The study area was enlarged to include Semitropic and Wheeler
Ridge--Maricopa Water Districts, bringing the total to 184,534 hec, which
is approximately one third of Kern County's agricultural cropland. In
this experiment, the high altitude inventory once again utilized all three
dates at one time to generate the cumulative cropland map. Figure 3-7
displays the map format of the high altitude cropland inventory as it was
delivered to KCWA.
As the interpretation of three dates of high altitude photography
had already been found comparable in accuracy to three dates of LANDSAT
imagery in the previous analysis, an attempt was made to take advantage of
both the greater cumulative impact and availability of LANDSAT imagery by
incorporating five dates into the analysis (November 4, 1973; February 2, 1974;
April 15, 1974; May 3, 1974; and August 2, 1974). The addition of two dates
to the LANDSAT inventory was possible because of the 18 day overflight
cycle, presently an operational advantage of LANDSAT when compared to
nigh altitude photographic missions. Thus, the LANDSAT inventory was
given an existent advantage that would most likely be incorporated into
any operational cropland inventory procedure. It should be noted that
under present operational constraints, an inventory would be very fortunate
to acquire even three dates of high altitude photography.
\D
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TABLE 3-10 MEAN RELATIVE AND ABSOLUTE CROPLAND ACCURACIES
FOR THREE SINGLE DATE ID,VENTORIES OF THE LOST iiTLLS WATER STORAGE DISTRICT
Higli	 Altitude	 ("1:125,000)
	
Inventory
Ground
Inventory
Interpreted
Cropland	 Noncropland
X	 Absolute
Accuracy
X Relative
Accuracy
CroplanO 20,438 19,802	 (96.9)*	 636	 [	 3.11 (96.9) (94.0)
Noncropland 10,598 1;860	 [17.5] 4	8,738	 (82.4) (82.4) (88.9)
dotal 31,036 21,662	 9,374 28,540
	
(92 .0) (g2,1)"
LANDSAT	 (1:1,000,000;	 Band	 5)	 Inventory
Ground
Inventory
interpreted
Cropland	 Noncropland
X	 Absolute
Accuracy
X	 Relative
Accuracy
Cropland 20,438 19,309	 (96.9) 629
	 [	 3.11 (96.9) (9018)
Noncropland 10,598 2,503	 [23.6] 8,095	 (76.4) (76.4) (82.3)
Total 31,036 L	 22,312 8,724 27,904	 (Q9,9) (88.4) 
" (	 accuracy)
+ [', error]
d area weighted
TABLE 3 . 11 MEAN RELATIVE AND ABSOLUTE CROPLAND ACCURACIES
FOR A CUMULATIVE MULTIDAT£ INVENTORY OF THE LOST HILLS WATER STORAGE DISTRICT
Ground
Inventory
High
	 Altitud.
Inz^
Cropland
25,000)	 Inventory
ted	 X Absolute
Noncropland	 Accuracy
X	 Relative
Accuracy
Cropland 20,438 19,763	 (96.7) 675	 [	 3.33 (.96.7) (95.4)
Noncropland 10,598 1,611	 [15.2] 8,987	 (84.8) (84.8) (91.2)
Total 31,036 21,374 91662 28,750	 (92.6 ) (94.1 )
LANDSAT	 (1:1,000,000;	 Band	 5)	 Inventory
Ground
Inventory
Interpreted
Cropland	 Noncropland
X Absolute
Accuracy
X	 Relative
Accuracy
Cropland 20,438 19,774	 (96.7) 664	 [	 3.2] (96.7) (99.2)
Noncropland
.
10,598 826	 [	 7.8] E9 ,772 (92.2) (92.2) (98.5)
Total 31,036 1	 20,600 10,436 29,546	 (95.2) (98.9)
DfGht M PAGE I3
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For the LANDSAT interpretation, a separate overlay was created for
each date of imagery. A cumulative composite LANDSAT cropland map was
then generated and compared 'co the field verified district inventory.
The results of this enlarged, dichotomous investigation are summarized
in Table 3-12. For the 184,534 hec (456,000 acres) in the three water
districts studies, the high altitude cropla,^d inventory had mean relative
and absolute errors of 0.3% and 2.9% respectively. The mean relative
error for LANDSAT cropland inventories was found to be less than 1%, while
the mean absolute error was 2%. This is significant because even though
the scale has been decreased and resolution degraded when compared to
1.125,000 photography, the LANDSAT technique is capable of achieving a
comparable, and in this case study even slightly higher, absolute accuracy,
i.e. 98% versus 97%. This is attributed to the multitemporal characteristic
of LANDSAT and its ability to provide adequate resolution For many dates
throughout a growing season.
3,324	 Cost Analysis
Personnel of the Lost Mills, Semitropic, and Wheeler Ridge-Maricopa
Water Districts were cooperative in conducting the cropland ground surveys
which facilitated the accuracy assessments. Equally important, however,
are the estimated costs accrued by the districts for acquiring this crop-
land data (Table 3-13). The total estimated cost for conducting this
184,534 hec (456,000 acres) inventory of all three districts was approxi-
mately $3,000 and required six weeks to complete. At this rate, the cost
for inventorying each 4,050 hec (10,000 acres) of cropland is approximately
$66. The California Department of Water Resources (DWR) has estimated that
a cropland survey of Kerr. County could be undertaken for approximately
$5,000. The cost would be approximately $2,850 for DWR to inventory the
184,534 hec in the three water districts under investigation. The DWR crop-
land inventory cast, utilizing minimal hand-held oblique color aerial photo-
graphy and extensive ground truth is therefore estimated to be $62.55
per 4,050 hectares.
The cost of acquiring cropland data by color infrared high altitude
photography is cost-effective when compared to conventional terrestrial
methods. By referring to Table 3-13 it can be seen that for each 4,050 hec
inventoried, the cost is $2.98. The $136 it cost to acquire remotely sensed
cropland data for the three districts represents only 4.5% of the $3,000
incurred by the Water Storage Districts' inventory. Time required to
complete this three district analysis was minimal, only 8 hours. However,
despite the high accuracies and cost-effectiveness of inventorying crop-
land with high altitude photography, it must be kept in mind that this
analysis does not take into consideration the cost of aircraft mobilization,
a necessary consideration for single purpose surveys. Table 3-13 also
itemizes the costs associated with inventorying the three districts via
LANDSAT imagery, approximately $90, or $1.97 per 4,050 hec. The relative
lower cost of the LANDSAT inventory is due to the lower image acquisition
costs.
1TABLE 3-12 MEAN RELATIVE AND ABSOLUTE CROPLAND ACCURACIES
FOR A CUMULATIVE MULTIDATE INVENTORY OF THE LOST HILLS,
SEMITROPIC, AND WHEELER RIDGE-MARICOPA WATER STORAGE DISTRICTS
High	 Altitude	 (1:125,000)	 Inventory
Ground
Inventory
Interpreted
Cropland	 Noncropland
X Absolute
Accuracy
%	 Relative
Accuracy
Cropland 116,833 114,031	 (97.6)- 2,802	 [	 2.4] (97.6) (99.7)
Noncropland 67,701 2,467	 [	 3.7] + 65,233	 (96.3) (96.3)	 (99.5)
Total 184,534 116,498 68,035 179,264	 (97.1)	 (99.7)
LANDSAT	 (1:1,000,000;	 Band	 5)	 Inventory
Ground
Inventory
Interpreted
Cropland	 Noncropland
X	 Absolute
Accuracy
X	 Relative
Accuracy
Cropland 116,833 114,781	 (98.2) 2,052	 [	 1.7] (98.2) (99.7)
Noncropland 67,701 1,771	 [	 2.61 65,930	 (97.4) (97.4) (99.6j
Total 184,534 116,552 67,982 180,711	 (98.0) (99.7)
('^ accuracy)
+ P. error]
u area weighted
s
EWA
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Tota1 Total
Hectares Cropland
Crop. land .hiapping Agency	 ._: Cost for , i.n	 all	 3 Hectares Time Required
(Technique) Inventorying Districts Inventoried to	 Inventory .all	 3 Districts all
	
3 DistrictsCost for each 4,050 hec'(10,000 acres)
L.os.t Hills,	 S.eniftropic,
and Wheeler Ridge-Maricopa 184953.4 116,833
Via ter Storage Districts $3,000 240 hrs.('nrrestrial) ($	 66.00) ($104.00)
Department of 4later
Resources 184,534 116.,833
(Lew Altitude Photography $Z,850a ($	 62.55) ($	 98.80) 230 hrs.
and Terrestrial )
6eography Remote .
Sensing Unit b 184,534 116,833(High Altitude	 1:125,000
Pho.tagr.aphy) 1$	 `(includeess `$96 (.$:	 2.95 .) (a	 4.70) 8 hrs.imagery cost)
eography.Remote
5ensing.Unit 184,534 . 116.833
(LAUDSAT 1:1,000,r;J; (includes0	 $15 ($	 1.V7) ($
	
M2) 15 hrs.Band: S). image ry cost).
1.	 l
i
I^
3.225	 Conclusions
in terms of overall mean absolute accuracy, the LANDSAT cumulative
multidate (band 5) black and-white analysis yielded slightly superior
results (98% accuracy) when compared to the high altitude color infrared
inventory (> 97% accuracy). Uign altitude photographic inventories should
be considered a viable alternative to conventional techniques whenever
adequate coverage is available for a specific study area. The remote
sensing cropland inventories documented are cost-effective. Compared to
the $62-55 cost per 4,050 hec for the DWR and bdater District cropland
inventories, the high altitude and LANDSAT inventories required only 3-5%
of this amount, i.e. $1.97 - 2.98 per 4,050 hec. The mean time for the
DWR and Water District inventories was 235 hours while the remote sensing
inventories required only 12 hours. This represents a 95% reduction in
time when croplands are inventoried using high altitude or LANDSAT techniques.
Cropland data generated by these techniques is now being regularly input
into the KCWA hydrology model. Current research is documenting the
utility and cost-effectiveness of remote sensing techniques, based
primarily upon LANDSAT imagery, for providing specific crop type information
as an additional model input to predict water demand.
3.226	 Technique Transfer to KCWA
In October, 1975, the Kern County Water Agency proposed an arrangement
with GRSU whereby a photointerpreter would be hired by KNA on a part-
time basis to provide quarterly cropland acreage statistic, for input to
the KCWA hydrologic mode".. This KCWA employee will be trained by GRSU
to utilize the LANDSAT cropland inventory technique previ}usly described
Based on problems encountered as the technique is transferred to the agency,
a cropland inventory "cookbou ." is being prepared as a NASA document for
the bLnefit of other user agencies.
.x.227	 Santa Barbara County Croptype Inventory
GRSU has recently entered a joint study with the Santa Barbara County
Water Agency to inventory croptype information in the south coast region.
Croptype data generated for this project cdn also be aggregated to irrigated
agriculture/non-agriculture information. This more general information will
serve as detailed ground truth for assessing the accuracy and applicability
of remotely sensing cropland inventories in the more temperate Santa Barbara
agricultural region. The detailed discussion of this study is round in
section 3.31 of this chapter.
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	3.23	 REMOTELY SENSED CROPTYPE INFORMATION FOR WATER DEMAND PREDICTIONS
	
3.231
	
Introduction
Cropland (i.e. cropland /non-cropland) napping in Kern County allows
only a first -order approximation of water demand. As shown in the discussion
of variables affecting water demand predictions, significant improvements in
accuracy can be expected when additional parameters such as croptype and
fallow are included. It has also been noted that of the variables examined
to date, most will be available from a thorough croptype inventory procedure.
The results of a LANDSAT croptype inventory and water demand prediction
have been discussed in section 3.218. This sec tion will examine the
specific remote sensing techniques employed in a croptype inventory and
conclude with a discussion of the results obtained from such an inventory
of Node 199 of the Wheeler Ridge -Maricopa Water District.
The need for croptype inventories has been demonstrated through both
the research of the Geography Remote Sensing Unit on water demand parameters,
and the Kern County Water Agency ' s data needs. KCWA personnel have specifically
stated that the generation of accurate and timely crop maps should be a
major goal of GRSU water demand research. A1tho- Egh KCWA cannot currently
fund such surveys, croptype information is still considered an important
input to the groundbasin model. The DWR estimated cost of $34,000 for
these surveys f makes it highly unlikely that KCWA will undertake conventional
crop surveys as an individual effort. With many agencies constituting
potential users of crop information, however, KCWA personnel envision a
cooperative effort in the near future. Preliminary discussions have already
begun among some of these potential user agencies to define their specific
information requirements. It will be important to consider the multiple
uses of this type of information in our cost-benefit analysis of remote
seising techniques.
3.232	 Goal
The major aim of this portion
capable of cost-effectively implem
generate croptype data as input to
this work it was believed that the
require multi-date imagery, a task
of our research is to develop a procedure
^nting remote sensing techniques to
the KCWA model. From the beginning of
temporal nature of this task would
for which LANDSAT imagery is well suited.
The present cost associated with conventional county-wide crop mapping
(e.g. DWR's estimate) makes such an endeavor prohibitive on a yearly basis,
even though there is an acknowledged need for such information by many
potential users. Efforts to initiate a multi-agency cooperative yearly crop
mapping program, based upon conventional techniques and at their known costs,i+s
I This estimate is for a -A eld survey supported by extensive low
altitude ;15 mm oblique aerial photography.
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demonstrative of the perceived need for this type of information. Accordingly,
a secondary goal of our research is to document the informational requirements
of these additional user agencies and,where appropriate, incorporate them
into a crop identification methodology based upon remote sensing techniques.
3.233	 Methodology
The validity of using multispectral and temporal analysis techniques
for crop identification from LANDSAT-type imagery has been well documented.
Multispectral analysis is based upon the premise that tonal differences
typically exist between objects (in this case agricultural fields) within
some portion of the electromagnetic spectrum. Optimum use of these differences
as a means of identifying the objects depends upon the exploitation of
many variables, of which the band width and spectral sensitivity of the
remote sensing system are typically the most controllable.
Temporal anal:.--,is, as it pertains to Crop identification, commonly
`	 involves the use of "crop calendar" type information such as that included
in our 1974 Annual Repos-t for the major crops in Kern County. With know-
ledge as to the types of crops present in a region and their respective
phenological cycles, probabilistic statements can be generated as to
the likelihood of a field appearing in a given condition on any certain
date, or set of dates, and belonging to a given crop class. The extension
of these analysis techniques into an operational procedure for a region
as large as that encompassed by the KCWA model (approximately 900,000
acres), however, is a difficult task. This is especially true in this
particular region where a large variety of crops are grown and the
informational requirements of the KCWA hydrologic model demand data that
is accurate at the nodal level. The procedures developed for the task of
crop identification may be subdivided into three sections: multiple
image correlation, data extraction, and classification.
AWti24e image correlation: This results from the need to
register in some manner the same point, or in our case the sane field, on
each of the images used in the multiband and/or multidate analyses. Most
manual techniques for field identification typically involve the enlargement
of 1:1,000,000 LANDSAT images to a more useable scale (approximately
1:100,000). However, photographic enlarging processes entail a decrease
in resolution and a loss of information while optical projection enlargement
limits the potential methods available for data extraction.
To alleviate this situation the GRSU has investigated techniques for
operating at the original image scale of 1:1,000,000 utilizing both
optical-as well as video magnification. The task of identifying individual
fields has been accomplished by producing field boundary maps for each node
or group of nodes and then reducing each map to the exact scale of LANDSAT
imagery. The inclusion of prominent features in the map, such as canals
and highways, makes alignment of the reduced overlay upon the imagery a
relatively simple task. The most important requirement for this approach
ji	 3-57
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iis that precision photographic facilities be available to insure correctly
scaled reductions. Field boundary overlays provide a method for multiple
image correlation with data then extracted on a per field basis from
successive images. This technique was reported in detail in our May, 1975
Annual Report. Recent improvements to this field boundary procedure
include the use of high contrast prints instead of continuous tone trans-
parencies for the LANDSAT enlargements and a more operable mapping scale
of 1:62,500. An optical transfer device is now used to more effectively
transfer detailed field boundary Information from the high altitude photo-
graphy to an acetate overlay placed upon the LANDSAT enlargements.
The utility of a field boundary overlay reduced to LANDSAT scale
would decrease if field boundaries were to markedly change. We have
examined three representative agricultural regions in Kern County, each
approximately 23,000 acres, to determine the magnitude and characteristics
of field boundary changes. The results of this examination suggest updates
every two to three years should suffice if interim maps indicating only
the changed boundaries are used as an additional guide to data extraction.
Data Extraction: The Geography Remote Sensing Unit's ability to
register and interrogate LANDSAT Computer Compatible Tapes (CCT's) has
nearly reached operational status. However, hardware delays have necessitated
the use of video (analog) densitometric extraction techniques. When CCT's
can be utilized by our image processing system, the improvement in radio-
metric accuracy should result in improved classification accuracies. GRSU's
video image analyzer is currently being integrated into the UCSB Computer
System Laboratory's (CSL) Interactive Signal Processing System, thereby
expanding our image processing capabilities. This digital image processing
system will facilitate the use of various automated and semi-automated
techniques for data extraction and analysis. This system has also been
pNoposed as the basis for a remote terminal with access to the RSRP CALSCAN
pattern recognition programs. The present need for this link, however, has
been reduced by the UCSS Geography Department's implementation of Purdue
University's LARSYS (version 3.0) pattern recognition programs.
Classi ication: The final stage of crop identification involves the
analysis of field spectral signatures to determine whether individual
crop types exhibit adequate uniqueness (and uniformity) to allow accurate
classification. Class spectral plots and statistical analyses, e.g. a
pairwise divergence analysis, allow the user to define an optimum subset
of available channels to be used for classification. This reduction of
data dimensionality is an important stage in any pattern recognition project
due to the higher computational costs associated with highly dimensioned
data. By using class training sets both the optimum combination of
channels and expected classification accuracies can be estimated.
The actual decision rule used for classification is commonly either
a linear or maximum likelihood discriminant function. For the crop identi-
fication example discussed in the following section a linear discriminant
was considered optimum as training set accuracies were 100%.
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3.234	 Crop Identification in Node 199 of Wheeler,Ridg7Marico
For an initial test of our remote sensing techniques for crop identi-
fication bode 199 of the Wheeler Ridge-Maricopa Water District has been
selected. This node was selected because it provided a crop assemblage
for which complete training data could be obtained from surrounding nodes,
a criterionfavorable to our present means of data extraction. As are
most nodes in the KCWA model, node 199 is composed of 9 sq. miles or
5760 acres. A much larger region, such as the entire Wheeler Ridge-
Maricopa eater District, might have been undertaken had a more automatic
technique for d-ta extraction been operable.
Training set data were obtained from LANDSAT imagery for the 1973 crop
year. Twenty-eight (28) individual channels were examined. LANDSAT
bands 5 and 7 (0.6 - 0.7 and 0.8 - 1.1 microns), in that order, were found
most useful for discriminating between the four crops in this node, namely
barley, cotton, melons, and sugarbeets. Examination of class spectral
plots demonstrated complete discrimination between all class pairwise-
combinations by June 12, 1973 using only three channels of data, i.e. April
2, 1973 (band 7); April 20, 1973 (band 5); and June 12, 1973 ''land 5).
Using a linear discriminant analysis classifier and equi, a ,-iori probabilities,
training set classification accuracies of 100% were obta i ned. The lowest
assignment probability was .995 suggesting Tio need for the use of a
maximum likelihood classifier (which does not assume equal covariances
and hence generally achieves slightly higher accuracies than a linear
discriminant).
When applied to test data from node 199, the training set accuracies
were not maintained. The results of the node 199 classification are shown
in Table 3-14. Although apparently not as accurate as expected, the
LANDSAT based classification resulted in more accurate water demand pre-
dictions than the conventionally derived field predictions (refer back to
Table 3-9). Of the fields incorrectly classified, the lowest class assigned
probability was .914, suggesting the very real possibility that the LANDSAT
classification may bewore accurate than the field map. These results are
graphically . presented in Figure 3-8. This figure shows the training sets
and node 199 test data occurring in four rather distinct clusters when
plotted according to the first two canonical variables.
This remote sensing crop identification procedure can be employed by
any user having access to simple densitometric equipment and a discriminant
analysis classification algorithm. Further research will investigate the
usefulness of other algorithms (including the maximum likelihood algorithm
Of LARSYS) for identif-ing crops in Kern County. Specific continuing
research topics include the value of per-field versus pixel-by-pixel
classification,and signature extensions, both temporally and spatially.
The results of this research will have a significant impact upon the findings
of our cost-benefit analysis of	 ep-rational remote sensing programs for
crop identification.
iTABLE 3-14
Node 199 Classification Accuracy
Class
{based on
field map}
No. of
Fields
% Correct No. of Fields Classified by Discriminant
Analysis	 of LANDSAT Irito:
—Barley Cotton Melons Sugarbeets
Barley 9 44.4 4 0 1 4
Cotton 33 97.0 0 32 1 0
Melons 6 65.7 0 2 4 0
Sugarbeets 5 60.0 0 2 0 3
Correct Classification Overall = 81.1
* Linear discriminant analysis classification of LANDSAT imagery using
4/02/73-MSS 7, 4/20/73-MSS 5, and 6/12/73-MSS 5. Wheeler Ridge-Maricopa
Water District 1973 crop map, obtained by conventional field techniques,
was used as ground truth. Training set data was gathered from surrounding
nodes; training set classification accuracy was 100%.
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DISCRIMINANT ANALYSIS CROPTYPE CLASSIFICATION : NODE 199, 1973
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Figure 3-8. LANDSAT based discriminant analysis crop classification of Node 199 (14heeler
Ridge-Maricopa Water District), 1973 growing season. p lotted are the first two canonical
variables derived from 4/2/734"SS 7, 4/20/73-MSS 5, and 6/'12/73-MSS 5 imagery. Decision
boundaries separate the four fairly distinct clusters, each representing a different crop-
type. Training fields, from surrounding nodes are identified by letters B = barley,
C = cotton, M = Melons, S = sugarbeets; class means are shotm as 1, 2, 3, and 4 respectively.
Test data (T) represents individual fields of Node 199. Fields misclassified are circled
and correct classification, according to Water District crop map, are subscripted.
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3.235	 Crap Identification: Application: Cotton
Another potential user of specific crop identification information
is the Plant Protection Service of the Department of Agriculture in their
program to control pink bollworms. Title 3 of the California Administrative
Code, Section 3595, names Kern County as a member of Host-Free District 4,
which requires that from December 15 -through March 15 no cotton plants or
parts thereof may be present "in a state or condition capable of sustaining
or continuing pink bollworms in any state." U.S.D.A. currently generates
each year a June 15 cotton distribution map by field investigation (approxi-
mate cost $8,000) for use in its summer moth trapping program. Any
expansion of the current pins; bollworm population will most likely also
result in the necessity of a winter plowdowm monitoring program. The GRSU
intends to fully document the feasibility of LANDSAT remote sensing techniques
for generating the information required for these programs. The first
stage of this effort entails an analysis of the specific informational
requirements of this application. These requirements are:
1. The knowledge of the cotton crop calendar for Kern County
including:
° planting (March 15 - April 20)
growing ( April 20 - September '6)
harvesting (September 15 - December 15)
plowdown December 15 - March 15
2. The spectral reflectance signatures of cotton on LANDSAT
imagery during the appropriate per od of cotton's phenological
cycle.
3. The probability of having < 20% cloud cover for the Kern
County region.
This user agency applic %.cion is one of several potential uses of crop
identification data that remain to be investigated in order to provide a
thorough cost-benefit analysis of our remote sensing techniques.
,
	
3.236	 Cloud Cover Probability
The probability of obtaining usable, essentially cloud-free imagery
for a given geographic area is one of the most important 'parameters to be
considered when developing any operational remote sensing crop identification
procedure. In particular, because cropland or croptype inventories in a
water demand procedure require multiple dates of imagery to be effective,
the probability of obtaining relatively cloud-free imagery is of critical
importance.
The purpose of this research is to 1) identify the variables that
affect the prediction of cloud cover probabilities, and 2) develop a
probabil~ty forecasting technique whereby imagery obtained from a remote
sensing ^-ystem can be evaluated in terms of its utility for a given
application.
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MET HODOLOGY FOR DETERMINING CLOUD COVER PROBABILITY
V
PHENOLOGICAL
A RHYTHM CROPCALENDAR
TIME PERIOD
BUREAUCRATIC TEMPORAL
. INFORMATION
A
RHYTHM REQUIREMENTS
CLOUD
S
NUMBER OF
L ILEPLERIAN SATELLITES
RHYTHM OVERPASS FREQUENCY COVERORBITAL INTERVAL 1
OF EACH SATELLITE
S
Q 0
old
'90:tf g-
10' ;
C+ r^
W
r
41
W
PROBABILITY
4 Getqraph.v Remote Sensing Unit, Viriversitr of Cafiforrria at Santa Barbara
Figure 3-9. This diagram illustrates the variables to be considered when determining
the probability of a given cloud cover for a particular remote sensing application.
i j
h
a
	
	
The three variables (Figure 3-9) used to determine probabilities for
cloud cover in Kern County are:
° crop calendar (phenological rhythm)
° timeliness of information (bureaucratic rhythm)
interval between orbits of one or more satellites (Kelprian
rhychm)
Unlike the phenological, bureaucratic and Keplerian rhythms which can
be accurately predicted and charted, cloud cover represents an unpredictable
natural cycle. Past climatological records can be analyzed to determine
probabilities for future weat'!er patterns; however, these can be misleading.
For example, because cloud cover is typically discontinuous it is difficult
to generalize. Cloud cover observations made at Bakersfield (the only cloud
cover data station in the study area) are normally used to characterize
the cloud cover for the entire southern San Joaquin Valley study area. In
addition, cloud cover is recorded in 10ths which tells nothing of its
spatial distribution. Nevertheless, sine these past records are the only
data base available for cloud cover prediction they rust be utilized.
A full 22 years of daily cloud cover has been used as the data base
for the probabilities given in this report. For Kern County agricultural
applications of LANDSAT imagery, cloud cover probability predictions were
derived from the following data:
° 22 years of cloud cover data obtained from the National Weather
Service, Bakersfield, California;
l0a.m. cloud cover corresponding to the LANDSAT overpasses in
Kern County;
° Percent of time that cloud cover was < 20% (assuming > 209
cloud cover would make the image unusable).
This data is then applied to the rhythms illustrated in Figure 3-9 by
means of the following binominal equation:
PW = 
j n!	 px qn-x
x! n -Kt
P = probability of obtaining usable < 20% cloud cover imagery
for a given application
x = number of usable images desired
n = number of overflights possible in given time period
p = % of time that usable image occursn based on historical data
q = % of ti y;e that non-usable images occurs based on historical data
Therefore in order to transfer this methodology to another geographical area
and/or application it is necessary to obtain the historical cloud cover data
for the area, and then determine the phenological, bureaucratic, and Keplerian
rhythms for each specific application.
j
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Cloud Coven Considerations . fob? Cropland and Cotton Xnventoriea. In applying
this met odol ogy to a cropland i riven Cory in Kern to nty, June l to
September 30 was judged to be the optimum time period to acquire imagery.
To study the utility of single versus multiple satellites, cloud cover
probabilities were calculated for 1 to 3 satellites each on a different
18 day cycle as illustrated in Table 3-15. For the semi-arid San Joaquin
Valley it is 99% probable that up to , usable dates of LANDSAT imagery will
be available in any year between June l and September 30. This high probability
is possible with just one satellite.
Cotton inventory and plowdown monitoring requires information between
December 15 and June 14 to meet California State Department of food and
Agriculture information needs. The results of a cloud cover probability
study for this remote sensing application are also displayed in Table 3-15.
Because imagery is required throughout much of the winter and spring
(December 15 - June 14) of the year for this inventory, the probability
of obtaining 1 to 3 usable dates is considerably lower. In this instance,
the use of more satellites or more frequent overpasses would increase the
probability of acquiring the < 20% cloud cover information quite signifi-
cantly.
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TABLE
PROBABILITY OF OBTAINING USABLE SATELLITE IMAGERY
FOR KERN COUNTY
.
w
41
CROPLAND 1 SATELLITE 2 SATELLITES 3 SATELLITES
INVENTGRY ON AN 18 DAY CYCLE EACH ON A DIFFERENT EACH ON A DIFFERENT
18 DAY CYCLE 18 DAY CYCLE_
1 USABLE 2 USABLE 3 USABLE 1 USABLE 2 USABLE 3 USABLE 1 USABLE 2 USABLE 3 USABLE
June 1	 -- July 11 .9663 .7028 .1479 .9990 .9826 .8820 1.0000 .9986 .9913
July 12 - Aug. 20 .9759 .7357 .1145 .9995 .9883 .9030 1.0000 .9997 .9957
Aug. 21 - Sept. 30 .9809 .7733 .1778 .9996 .9925 .9317 1.0000 .9998 .9971
June 1 - July 31 .9946 .9267 .6349 1.0000 .9994 .9928 1.0000 1.0000 1.0000
Aug.	 1	 - Sept. 30 .9972 .9530 .7064 1.0000 .9998 .9971 1.0000 1.0000 1.0000
June 1 - Sept. 30 1.0000 .9996 .9954 1.0000 1.0000 1.0000 1.0000 1.0000 1-000
Aug.	 1	 - Aug.	 31 .9341 .4939 + .9992 .9534 .7064 .9999 .9976 .9731
COTTON INVENTORY
AND
PLOWDOWN MONITORING
Dec.	 15 - Jan 14 .3813 .0438 + .6203 .1983 .0337 .7746 .3633 .0930
Jan.	 15 - Feb.	 14 .3813 .0438 + .6263 .1983 .0337 .7746 .3633 .0930
Feb.	 15 - Mar.	 14 .5327 .0913 + .7819 .3545 .0702 ..9387 .7197 .394.6
Mar.	 15 -- Apr.	 14 .6125 .1355 + .8553 .4832 .1424 .9497 .7476 .4184
Apr.	 15 - May 14 .5000 .1750 + .9000 .5750 .2000 .9687 .8122 .4809
May 15 - June 14 .7680 .2520 + .9514 .7171 .3195 .9716 .9028 .6908
Usable imagery includes 0 . 20% cloud cover
+ Not applicable
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	 REMOTE DETECTION OF PERCHED WATER AND SALINITY
	
3.241
	 Introduction
During this reporting period research has been conducted in the
following areas:
literature review and evaluation of soil and water processes
responsible for the formation of perched water tables and saline
-}(	 conditions in Kern County;
based on this analysis, remote sensing procedures are proposed
which will identify and inventory these parameters;
perched water and soil salinity ground truth data has been
collected in order to determine the efficacy of the proposed
remote sensing techniques.
As will be seen from the following discussion, perched water tables and
excessive soil salinity are highly correlated in their spatial distribution,
the former being largely responsible for the latter. Due to this relation-
ship, what were previously separate investigations are now reported in an
integrated manner.
	
3.242	 Soil Factors Influencing the Creation of Perched Water Tables
r,	 and Excessive Soil Salinity
	
3.2421	 PERCHED WATER
"If the profile above a water-table consists of a sequence
of layers such that a highly conductive one overlies one of
low conductivity, then it is possible for the flow rate into
the top layer to exceed the transmission rate through the lower
layer. In such circumstances, the accumulation of water over
the interlayer boundary can result, temporarily at least, in
the development of a perched (or secondary) water table...
...if infiltration ceases, the perched water table will eventually
tend to disappear by downward seepage into the primary water
table." (Hillel, 1971)
The subject of this research is the various soil factors influencing
the creation of shallow "perched" water tables, as defined above, and
associated soil problems, especially salinization. Soil drainage, in
general, will be examined but the focus will be perched water tables,
specifically those present in Kern County, California.
	
'3.2L20 	 Soi l Moisture
Large quantities of water are required to satisfy both the evapo-
traiispiration requirements of plants and act as a solvent in the soil
^s
i
i
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solution, which is largely responsible for the transfer of soil nutrients
to plants. Excessive soil moisture alone is not necessarily harmful to
plants provided sufficient oxygen (required-for plant respiration) is
available and toxic substances are not present in excessive amounts. How-
ever, excess water can block soil pores and effectively retard aeration,
resulting in oxygen deficiencies that can occur in conjunction,with the
relatively rapid accumulation of carbon dioxide to harmful levels.
The effects of poor soil drainage have historically had major impacts on
man's agricultural activities. "Once thriving civilizations based on
irrigated agriculture in river valleys (as - in Mesopotamia, for instance)
have been destroyed through: the insidious, and for a time invisible,
process of salt accumulation caused by poor drainage." l Though excessive
soil salinity, such as that which occurs in a number of areas within Kern
Count is one of the more dramatic effects associated with poor drainage,Y	 A g
many others are possible and, indeed, widespread. As an example, it is
common in many river valleys for excessive yet non-saline soil moisture to
result in the soil becoming an unsuitable medium for plant growth. One
characteristic of poor drainage is oxygen deficiencies (anaerobic conditions).
It has been noted that:
"Under anaerobic conditions, various substances are reduced
from their normally oxidized states. Toxic concentrations of
ferrous, sulfide, and manganous ions in develop. These, in
combination with products of the anaerobic decomposition of
organic matter (e.g. methane) can greatly inhibit plant growth.
At the same time, nitrification is prevented, and various Ylant
and root diseases (especially fungal) are more prevalent."
It has also been suggested that the products. of anerobic digestion
by soil microorganisms may further encourage drainage problems by blocking
soil pores to a greatRr amount than the more completely digested products
of aerobic digestion. 4 Whenever the eff, = ctive rooting zone is inhibited,
plants may even be expected to suffer from a lack of nutrients. In
E	 addition, the "puddling" of clay soils and compaction in general are
additional effects more likely to occur under excessive soil moisture
conditions.
From this brief examination of potential conditions related to
moisture in soils it can be seen that soil moisture exhibits a complex
series of relationships with factors directly affecting agricultural
activities, requiring careful monitoring in any total soils management
program.
3.23212	 Soil Drainage Factors
As we examine the factors influencing soil drainage at a more specific
7
Hillel, DaM el, Soil and Water, 1971.
2 UNESCO, Ph y sical Principles of Water Percolation and See a e; by
J. Baer et al	 968.
3-48
E
E
=r
.,t
l
level there are individual sail variables such as structure and texture,
which control the movement of soil moisture. More generally, geomorphic
variables affecting the processes of soil formation and their geographic
distribution will be examined.
Initially it is important to define some soil water term;nulogy
in order to put the following discussion in its proper context. 	 To
begin with are the various soil water components:
°	 water vapor
°	 pellicular water
hygroscopic water
®	 gravitational water
water in solid state
crystalline waiver
°	 chemically bound water
Among these, the first four are of most immediate interest to discussions
concerning soil water movement. 	 Definitions for these are:
1.	 "mater vapor" - completely fills gaps within the soil and shifts
from regions of higher pressure to regions of lower pressure.
2.	 "hygroscopic wa ger" -	 is water that condenses at the surface of
_ the particles.
	 When dry soil gets in touch with humid air,
soil particles absorb moisture, and the whole soil volume
7 increases until some magnitude is reached, corresponding to the
maximum hygroscopic effect. 	 The maximum hygroscopy may have
these values for various soils
	
for sands about 1%; for silt -
up to 7%; for clay - up to 17% of the total dry matter.
`j 3.	 "Pellicular water" - is formed on'particles under the influence
77 of strong molecular farces of adhesion.
"Gravitational4.	 water" or groundwater - is free water not subject
to the action of attraction forces towards the surface of the-
solid particles.
	 This water moves under i^fluence of.gravity .
L and is subject to hydrodynamic pressure.
Natural soils consist of solid material, water and air; the water and
air filling the pore spaces between the particles of solid matter. 	 At
least pa-t of the soilores, in most soils, contain some air as well as
water, i.e. they are "unsaturated."	 When all pores are filled with water
the soil is considered "saturated." 	 "Porosity" may be defined as the volume
of pores per unit total volume . .	 Since the porosity for sandy soils, which
readily transmit water, is about 0.35-0.45 compared to 0.40-0.60 for
rl Polubarinova-ICochina, P.Ya, Theory of Ground :dater Movement, translated
by Roger Dewiest, New Jersey: 	 Princeton UniversityreP ss, T962.	 s
._.
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typical clays and peat which do not readily transmit water,.it fan be!
seen that porosity does not necessarily control water movement,
"Effective porosity" may be defined as the pore volume which is effective
with respect to flow,i.e. the partial volume of the porespace in which
the water is free to move pev unit total volume of the soil. As might
be expected, the effective porosity of clay is-much less than-the absolute
porosity, while in sands the two quantities are nearly equal. Of greater
importance than either . poresity,,-however, is the "pore size." This is
due to the fact that total flow rate in soil pores is proportional
to the fourth power er of the radius; thus the flow through a lmm pore is
10,000 times.greater than that.through a O.lmm pore.
Three forces may be considered to generally control the movement of
water through a given soil. They are:
Matric forces
Osmotic forces
Gravity forces
The "matric" force is due to the attraction of soil solids for water via
adhesion (pellicular water) or absorbtion (hygroscopic water). Capillary
action occurs due to absorption and the surface tensions of water. "Osmotic"
forces result from the attraction of ions and other solutes for water 'gravity
forces is a self-evident term. -
	
The tendency for soil water to move is
primarily related to the combined energy level effect of these forces, with
the direction from higher energy levels to lower ones. Negative potentials
are sometimes referred to as "suctions.".
Two common measurements of water transmitting capability are:
seepage
permeability
The gravitational. movement 
of 
water is called seepage, while permeability
is ameasure of the ease with which the q ow occurs. The permeability of
soils can vary so widely that its physical significance is.often difficult
iTABLE 3-16.	 Average Values of Seepage for Various Soils1
Designation of soil 	 Average value of seepage in cm/sec.
Clean sand	 0.01
Clayey sand	 0.005
!.j.: Sandy loam	 0.003
Carbonated loam
	
0.00005
n clay	 0.000005
Saline clay	 0.0000003
L Carbonated loess
	 0.0001
Noncarbonated loess
	 0.00001
Salt-marsh
	 0.0001
Peat	 0.002
The ease with which ;later can travel through soils and rocks, or
4 "hydrol'ic conductivity," largely ;depends on-:
°	 Viscosity of the flowing fluid (water) 	 t
°	 Size and continuity of the pore spaces or joints through which
the fluid flows., which in.soils depends upon:
shape and size of the soil particles (texture)
-	 density
detailed arrangement of the individual soil parti-
cles (structure)
°	 Presence of discontinuities
f
The "viscosity" of water is a measure of the ease with which the fluid
layers are moving„ or slipping in relation to each other.
	 Specifically,
it is the resistance or "drag" offered to motion.
	 It decreases with
" higher temperatures and may vary approximately 100% over the wide range
of temperatures encountered in arid environments (see Figure	 3-10).
However, it is usually .
 considered beyond effective control:
Th9 individual grain or particle size distribution of a soil, which
determines its texture, significantly affects permeability.	 Permea bi . 11 ty
is very Sensitive to the quantity, character, and distribution of the
°-` finest fraTons, i.e. the clays and silts, due to their ability to block
soil pores:	 Typical permeabilities of soils and aggregates of several
sizes are listed in Figure	 3E-11.
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aSoil deposits normally exhibit some degree of stratification when formed
naturally.. Of importance to the soil drainage problems in Kern County
is the fact that water-deposited soils are normally composed of a-series
of horizontal layers more permeable in a horizontal than vertical direction.
These deposits are often associated with soil drainage problems, especially
since their deposition presupposes a relationship to water.
Though less important than soil structure and texture, the density,
which is related to porosity, sometimes has a substantial influence on
permeability. Any factor that tends to make a soil more dense such as
compaction, reduces permeability. Unless counterbalanced by structural
improvements, the net impact of long-term agricultural activitivity,
as that which has occurred in several areas within Kern County, may be
to increase soil drainage problems through compaction. Figure. 3-12.
generally typifies the decreases associated with soil consolidation and
graphically illustrates the greater problems common to the finer textured
soils (through both structural loss and an increase in soil densities,
especially organic clays). This data supports the observation of permeability
losses in clays. when puddling occurs and the granular structure of the soil
is	 oken dot-in.
The effects of discontinuities such as physical breakdown or a crack
in a soils structure are most evident in the finer textured soils, such
as montmorillonitic clays, with high shrink/swell capacities. When
these soils commonly crack during dry weather periods they initially allow
rapid water movement, until the cracks swell shut again and movement is
reduced to a minimum. Discontinuities in other soils are often related
to the cracks and ,joints typicalof specific soil. structures.
3.24213	 Groundwater Flow.
The position of groundwater is mainly determined by the percolation
rate of precipitation or irrigation water through the overlying unsaturated
zone.	 in a reciprocal manner,. the water table level affects the soil
moisture . profile and flow conditions above %t:. 	 movement of saturated water
composing the groundwater is primarily governed by soil permeability and
gravitationally induced gradients. 	 Being saturated, no suction gradients
LI or variations in wetness. and conductivity normally occur.. 	 dater in
unsaturated soil, in contrast, is strongly affected by suction gradients.
Its movement is also . subject to large variations in conductivity resulting
from changes in soil moisture content.
Three general terms associated with groundwater flow are useful
when discussing the formation of perched water tables such as those
found In western Kern County:
Aquifer:	 a geologic formation or stratum containing Water in 'its
voids or pores that may be removed economically and used as a
source of water supply.	 Unconsolidated alluvial deposits of sand
3--53
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and gravel, consolidated sandstones are examples of water-bearing
strata;.
iii Aguiclude:-	 a geologic formation so impervious that for all
practical purposes it completely obstructs the flout of ground
water (although it may be saturated with eater itself), and com^-
pletely confines other strata with which it alternates in deposition.
A shale is an example,
, 7 Aguitard:	 a geologic formation of a rather impervious and semi-
confining nature which transmits water at a very slow rate compared
to the aquifer.
	 Over a large area of contact, however, it may
permit the passage of . large amounts of grater between adjacent
aquifers which areseparated from each other. 	 C14y.lenses inter-
bedded with sands, if thin enough, may form aquitards.
x Whenever aquaitards or aquicludes have a slope component, groundwater will
s tend to migrate`nnder`the influence of gravity and accumulate in topographic,
lows, analogous to that of surface water flowage._
LF 3.24214	 Genesis of Perched Water fables
^- With this brief examination of soil water movement complete, some
attention may now be placed upon the more general factors associated with
the formation of soils that tend.to produce perched grater conditions.	 The
five basic factors of soil formation are climate, biologic activity,
topography, time, and parent material.	 Though one could argue the specific
merits of several required conditions, appropriate topography appears the
dominant -Factor responsible for the formation of a perched water table
with climate and parent material influential in controlling the severity
of the situation.	 Man's agricultural activities, especially irrigation,
could be thought of as a biotic factor that can rapidly multiply the
severity of 'natural situations,' especially-in and environments.
3.24215	 Perched Water Tables in Kern County
;. An examination of the San Joaquin Valley floor portion of Kern County
reveals the presence o f a number of both physical and man induced conditions'
generally associated with Perched water table formation.
	
The economic
impact of the development and expansion-of-areas affected by perching of
water tables will be introduced later to emphasize the magnitude of
- - this problem i n terms of agricultural activities within Kern County. 
F
The.geology of the San Joaqui6.Va,lley'floor portion of Kern County
is shown in. Figure3-1 .3 , with cross-sections illustrated in Figure
7 3.14.	 The continental deposits of the infest Side of Kern County 'occupy
a. broad structural.trou9h between the Jurassic-Cret.aceous:.(190 M,B41-6507, OP)
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tertiary marine sediments of the Coast Ranges to the west. Continental
deposits found in this re ion consist primarily of alluvial-fan and
lucustrine (lake deposit ) sediments which have been accumulating in the
area since Miocene times` (13M,BP).
Lithologically, the continental deposits-vary from clay to boulder
size. Differences in lithology are due to variation in parent material
and/or the depositional environment. Parent material variation is a
function of both textural and mineralogical differences of the individual
grains. The Kern River and. other Sierra Nevada sources (both present and
past) are mainly responsible for the deposition of the course granitic
sand, gravel, and boulder size rocks. The majority of the deposits are
well weathered and rounded sand and gravel, which tends to make these layers
porous and permeable. The sediments derived from the Coast. Ranges consist
of very fine sand to -Fine silt size material, which tends, as noted
earlier, to exhibit high porosity but generally low permeability.
Permeability is also a function of depositional environment. Alluvial-fan
deposits typically consist of course grained silt to sand size materials
(nigh permeability) whereas the lacustrine. deposits are generally composed
of much finer grained (low permeability) materials. It is this large
difference in permeability that is used to distinguish between the sediments
of Sierra Nevada origin and those derived from the re-worked sand, silt
and shale of the Coast Ranges. Strand-line beach sands, formed at the
interface between alluvial-fan and lacustrine environments, are a third
type of lithologically distinct deposit. Such deposits, however, are
of such limited areal extent that they are relatively unimportant in a
regional analysis. As might be expected, the specific areas most prone
to the development of drainage problems often lie in topographically lower
regions. This is the result of the finer soil constituents, most responsible
for poor drainage characteristics, namely silts and clays, typicall y being
carried the furthest distance from their source when in a suspended state.
In turn, the rate of deposition of these materials is compounded by the
natural. tendency of the same regions to act as sinks for.the accumulation
of water which has fallen within the drainage basin. This suggests that
both parent material and topographic controls-are largely responsible for
the evolution of soils on the West Side of Kern County, and more specifically
the formation of those soils favorable to the formation of perched water
tables.
The most widespread of the (semi-) impermeable horizons that have
been formed in this region is the so-called "E-clay."ay."	 he E-clay i s
an extens4ve, confining stratum-of clay, silty clay, silt, and sand.
The unit was deposited in a lake which once occupied about 3,500 square
miles of bottom land in the western portion of..the San Joaquin Valley.	 i
trough. It occurs from about 250 to as much as 800-feet below. the local 	 ^.
land surface and is warped into a gently asymmetric northwest trending
syncline,, which suggests recent tectonic activity. It has been concluded
on . the . basis a..f fossil and other .indirect evidence that the E-•clay
is Pleistocene (10,000 to '1 30;000 BP) ire age. This unit .
 
represents.:
.
a
deep seated although regionally important aquaclude.
a
i
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The C and A clay tyre also fine grained lacustrine and paluda (swamp)
	
``	 deposits but generally occur at depths of less than 100 feet, Structural
contours indicate that the deposits are extensively warped and folded.
This folding is probably responsible for the discontinuous nature of the
numerous near-surface perched water tables formed along the Liest Side
(see Figure 3-15).
More recently (geologically) surface water accum ,.-'ations have been
restricted to the Buena Vista, Kern and Goose Lake basins. The lakebeds
themselves are now dry and intensively farmed, though perched water tables
are widespread and require artificial drainage networks. The recent
introduction of imported State Project water through the California
Aqueduct Has greatly intensified the perched grater conditions and associated,
salt accumulations in these areas. A two-phased study of the situation by
the Kern County Water Association (KCHA) found 37,000 acres beneath which
water was found within ten feet of the surface in the northern half of
the county (KCWA, 1974) and 57,000 acres of similar condition in the
southern portion (KCHA, 1970). Later studies by individual water districts
have shown rapid increases in both areas (KCSJA, 1975). In one district
alone, the less than ten feet to-water table acreage estimate increased
from 8,000 to 16,000 between 1970 and 1975 (WRM, 1975). Future
increases of even greater magnitude are likely, unless a proposed drainage
network is implemented, as illustrated in Figure -3-16. Figures3-17
and 3-18 illustrate the estimated annual crop production losses without
a drainage project and the estimated construction costs for a proposed
drainage plan. The estimated construction costs of approximately 175
million dollars should be sufficient to illustrate the magnitude of the
perched water problem in Kern County. These amounts are also the impetus
of present research to more accurately detect and delineate perched water
tables by remote sensing techniques, since non-optimal data could dramatically
affect the drainage system's operating costs and efficiency.
3.24216 Remote Detection of Perched eater Tables in Kern W rn
u.
Based on the preceding review of soil parameters related to perched
water table accumulations in Kern County, several methods for remote
Mdetection and monitoring can be put forth:
4' 
° direct detection of soil moisture by passive and active
microwave systems;
indirPct.detection of soil moisture by thermal infrared systems;
surrogate.detection in the near infrared region from high
Ly	 altitude photographic napping of soil types and salinity
conditions often associated with perched water tables.
The direct detection of soil moisture using ANDSAT imagery has also
been examined by our group, but due to the sub-optimal wavelength   regions -
nz
currently available ' in terms of soil moisture detection) such imagery requires
L^
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extensive calibration and supporting ground truth information. Figure 3-19
demonstrates a multidate examination of LANBSAT imagery (band 7; 0.8 - 1.1
microns) prior to and after precipitation, an approach considered of
potential utility. In semi-arid Kern County, the sparse but predictable
precipitation arrives mainly during the months from November to March..
Prior i.o this time uncultivated soils are extremely dry whereas the
cultivated soils may remain somewhat moistened due to their irrigation
history. It is postulated that for all soils with near- surface perched
water tables (e.g. less than 5 feet) an influx of precipitated water will
not dissipate as rapidly as those areas without such near surface water
accumulations. This should be the case particularly-for perched water
areas in Kern County where fine grained soils often overlie the water
tables. The use of multidate imagery, then, may provide more information
than any one single date of imagery. In the case of LANDSAT imagery,
as seen in Figure 3-19, the multidate approach may be delineating only
soil type variances; multidate microwave and thermal imagery may prove more
useful.
Based on previous research conducted by our group it has been
demonstrated that an image created by a passive microwave radiometer is
highly correlated (r = .98) with the soil moisture of bare soil. This imagery
is currently being acquired for GRSU, under contract research by the China
Lake Naval Weapons Center, and may in the future be applied to the identi-
fication of shallow perched water tables. As yet, however, no flights have
been flown specifically over the perched water areas. Based on previous
discussion, it should be obvious that surface soil moisture distribution
patterns could be an important surrogate for identifying near surface
water tables. The rationale for this relationship involves both the
slower drainage characteristics previously discussed and the upward
movement of water via capillary action.
In December (1975) a NASA aircraft equipped with a side looking radar
system overflew two transects in Kern County centered on the Goose Lake.
and Wheeler Ridge perched water problem areas. Surface soil moisture
and soil moisture profile data were collected in conjunction with this
overflight:. The imagery has been recently received and a quantitative
analysis of these data are not; yet complete. .Based on. visual examination
it appears that backscatter associated with surface roughness (i.e. soil
texture, crop canopy; row direction, etc.) may influence the radar
return to such a degree that the derivation of accurate soil moisture data
may be difficult,:except for possibly bare soil fields and instances.or
standing waiver.
A day and night: thermal infrared mission hovering the known perched
water regions: of: Kern. County has also been planned, approved., and currently
F	 awaits the operational status . of the NASA.Ames, Thermal Scanner. The
rationale behind this overflight is that the surface temperature and/or
the mat ina%-'-in of cnilc chmild allnta cnil mnittitro fn ha ocz imal-nr1_ Tt
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MUI_TIDATE EXAMINATION OF LANDaAT IMAGERY
TO IDENTIFY PERCHED WATER TABLES
IN KERN COUNTY, CALIFORNIA
o	 w
24 SEPTEMBER 1974	 BAND 7
23 DECEMBER 1974	 BAND 7
Figure 3-19. LANDSAT-1 Band 7 images before (above) and after
(below) a series of rainstorms in Kern County, California. Note the
pronounced enhancement of clay soils in the lowlands of Kern, Buena
Vista, and Goose Lake beds (dry). These areas are most susceptible to
the accumulation of perched water tables. Image enhanceme+ ►t of the two
dates may provide information concerning the areal distribution of soil
moisture and soil type which may act as surrogates for detecting the
distribution of near-surface perched water tables.
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monitoring the dimensions of perched water table areas in Kern County.
In conjunction with Dr. Algazi's group we shall also be examining, in
the near future, thermal imagery obtained from the NOAA-2 meterological
satellite. MIS imagery will .of coarse be of much lower resoluMon but
its muitidate availabili ty may prove useful , for further technique.develop
ments.
Our group has previously mapped suspected perched water tables using
NASA (1: 125,000)'color infrared photography. Though encouraged by initial
results (i.e. approximately 60% overall accuracy for identifying sub-
surface grater < 20' below the surface), it has been difficult to improve
accuracies using.such photography. The primary discriminant of near infrared
imagery is related to its ability to identify the organic clay soil types
(a good surrogate for perchedwater tables in Kern County) and standing
water occurring where the water table extends to the soil surface. There-tore,
the color infrared photographic inventory of near-surface perched water
tables is totally dependent on the reflected energy component from soil
or standing water, with no direct capability to detect subsurface water.
Color infrared photography has proved useful .for detecting saline
soil conditions in Kern County. Perched water tables are a common cause
of saline conditionsg therefore, such conditions may prove useful for
generally delineating areas with drainage problems. it has been noted
by KCNA personnel that
"Crop yield reduction exceeding 25% was noted on [all] lands
where water -was found within 5 feet of the land surface and 1
on nearly all lands with "perched eater" at 10 fees: or Tess."
One problem that 'might'be encountered when using salinity as a surrogate
is that the dynamic nature of perched . :water accumulations may not be
adequately observable through such secondary effects. As our research
concerning salinity progresses we shall explore this potential surrogate
to determine if this i is the case.
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a3.2422	 SOIL SALINIZATION
.3.24221	 ' Capillary.Rise
Drainage related problems, such as s. ,liniation, are typically in--
''tensifi_ed in arid environments such as Kern County. 	 Quite simply,
evapflratransp ration rates are higher-,-hence, the potential for salts to
accumulate within the soil is greater. 	 "The process of evaporation in.—
evitably results in the deposition of salts at or.near the surface of the
soil.	 These salts can be removed or prevented from accumulating onl	 3
if the water table remains deep enough to permi t leaching  without Subs;,
sequent resaiinization`through the capillary rise of the groundwater..
The zone of soil just above the water table ` which is still essentially
saturated although under suction may be defined as the "capillary fringe."
L2 Capillary rise from perched groundwater tables can substantially affect
salinization, especially where groundwater is brackish.to begin. wi th
and potential evaporation is high.	 In fine textured soils, the hazard of
satin zation can be substantial; even in those areas_ where the water
table i s several meters deep. 	 Since capillarity is. generally restricted
to the smaller or micropore spaces within a given soi:l,;the relationship
to finer textured soils should be apparent. 	 Table ;-1	 shatsts values	 or the
height of capillary rise for some typical soil types2
TABLE 3=1i
Height of Capillary Rise in Some Soils
Soil	 Reight	 cm
Clay	 200-400
andy Loam	 150-300
^.w Sandy Soi l 	 100-1 50
Sandy Uppersoil	 50-100
Podsol	 35-40
{
Peat	 120-150
Owing to this differential capillary rise in soils of varying types it can
.s be seen that the depth to the water table is very influential its con trolling
t o :amount_of evaporation passible through the capillary ri se of soi l dsater..
Fi gure '3-20 1 11 ustrates this effect 	 for a fine, sandy loam soil
^^
1	
Hillel, Daniel, op. cit.
._
2 Polubari nova- Kochi na,. op. cit.
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salintzed during this period. . : Bef6re . the. present system of , dams and
reservoirs on major streams emptying into the Southern San Joaquin Valley,
and the use of surface water for irrigation, these lakes typically over-'
f lowed . a low.. a I I uvial, divide
..
 into the San. JoaquinRiver
.
 and thence to
San Francisco Bay.. These periodic oveirfl6wt., the last of which occurred
in 1877, flushed.large.,amounts of accumulatqd salts from the.lakebeds,,
bmaintaing some semblance of salt balance. 1 These overflows also
impeded the formation of , playas or.sal-t lakes wh1chzre common.tQ bas.ins
of interior drainage in arid.-environments, e.g. the Great : Salt :-Lake :.
basin of Utah. , Since . the gently sloping margins of these I akeSL L (Buena Vi sta
Kern andGoose) were not subject to the same amount of flushing action; the
soils 
in 
these areas ateumulated:signi,ficantly'greato-r 
I 
amoUnts:of.5alts.
It is these soils.which are presently the most unfavorable for agriculture
in the valley floor. A major problem resulting from the lack of periodic
overflows into the San Francisco 
'
Bay is that the Southern San Joaquin
basin is now essentially closed with an.estimated accutulation.of.approxi-
mately,500,00(1
 tons of saltper year.
Therefore, the increased salinity problem of the San Joaquin Valley
portion of Kern County can be attributed -to the following factor
it is essentially a closed system of Interior drainage; as no
flushing to the San Francisco Bay is at present possible;
increasing amounts of applied surface -water, i.e..California
Water Project, Friant-Kern Canal, etc.,, has raised the water
table in the topographically lower .
 parts of the valley;
due to the existence of impermeable clay lenses the water table is
< 10' below the surface for extensive areas.
groundwater perched on these aquacludes is brackish due to the
high evapotranspiration rate in the valley and the numerous timer
the water Is pumped from aquifers which'underlie the valley floor
..and reapplied to cropland;
with brackish perched water <10 below the surface expanding in
the West Side trough, the ca—pillairy rise of soluble'salts is
creating serious problems affecting agricul-tural.yield
California Department Of Water Resources : (M), "Land and Water Use
Aspects of San Joaquin Valley Drainage Investigation," Nemorandum
Report, June 1970.
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to effectively reverse this trend a master drain must, V! conk
_
strutted so effective leaching of ' sol ubl a sal is tau take pl ace;
remote sensin'can take an active.ro3e.hy deve oping.techniques
-;trhich caric : 1
	
'identify the perched wtter areas, 2^ ^dea^tify: and
predict soil salinity; 3) predict the-leaching viater demand . to rid
the soil of the harmful soluble sal ts,
3. 4223	 Rem6te`petection	 inity ih Korn County
At present,-.conventional techniques for gathering salinity data in s
agriculttral environments involve costly fiel d :sampling procedures
GRSU is develo in :a remote sensing methodology whereby salinity data:p	 9
may be generated . on a per-field basi s from high altitude photography.
Such	 can serve as	 by providing an,esti matedata
	
input
 to.iiydrology,modeis
of the amo^at of water necessary to effectively -leach saline soils.
# This could result in keeping, more land in economic production and/or t	 ;
facilitate the prediction of agricultural yield decrement and dollar loss
due	 o salinity.	 ..Kern Gouniy. hater Agency 	 particularlyicul 	 interested in
expanding the present groundbasi n model to perform salt balance compu Kati ohs(Appendix U.
The basic hypothesis of our salinity prediction procedure is that
there is a correlation between the condition of . crop :present and the soil
salinity of the.field : 	 The 'iin-iversity.of Cal •ifornia`;Agricultural E ten-
sion Service has published a number of reports which list, the yield decre-
ment to be expected from certain crops due to specific soil salinity.
values.	 . Yield decrement dada: compiled jointly by KCVIA and GRSU personnel
has also substantiated the existence of a negative corrrelation ;(r
between Salinity and cotton yield in our study region. 	 This data was
presented i n the May 1975 report:
Several of our peel iminary attempts at quantifying visual'-salinity. , ^	 l
damage were hampered by the range of tonal values exhibited by healthy..
fields.	 This range of values can be' attributed. 'to anv.one or a combination
..of variables including:	 the various sun angles betYeen individual, fields
'vignettingand the observa:cion:platform;	 effect of the camera lens, soil ^	 {
type variations (including but not iimited.to soil salinity), 	 and differing
cultivation pracices, e.g..,ferilization'irrigatol, etc.	 To reduce
the effects of variations: attributed , to-the-se variables a. ;procedure .has- .
been developed +rahereby a	 healthy	 portion of each field is solected and .
used as _the basis °,for-quantifying damage in she remaining portion of •the
field.` Each -7ield is individually examined on high altitude photography
L.
1	 University of California Agricultural Extension Service, Kern Crop
Inf0mation, U.S. Department o.i. Agriculture, November 15:, 1.973. ^_!
and digitized.	 Once the original field is digitized, a he0 thy sample
area within the same field is located.	 For this healthy sample area mean
Theseand standard deviation statistics of tonal values are calculated.
statistics are then expanded to the full field area (based upon the total
number.of digitized picture element , i.e, pixel s 3 itsipg the normal
probability. densi ty function where:
V	 I w I	 ,
Z = height:of the.ordinate; of the curve, representing the frequency.
of the items
Y =variable in question, in this case the optical density of the
photograph`
=.parametric mean of sample.
a ^ parametric standard deviation of sample
pi
e	 base of Naperian logarithms	 1
This function determines the frequency histogram of the sample healthy
z..a area.	 When multiplied by the number of pixels in the full field these
frequency values generate the distribution that would be expected if..the
full field had the. statistical . characteristics of the healthy sample
An assumption is made that a healthy field . or sample area will have a
fairly normal distribution of tonal values.	 This assumption is strongly
supported by our preliminary analyses.	 Once the expected healthy distribution.
of tonal valises is obtained these values are subtracted from the actual
field tonal values and the.absolute values of the difference are surr6fled.
This assures that.positive and negative differences do .not cancel out
one another, which would otherwise result in a summation value of zero.
a Division of this difference value by 2X the total number of pixels results
in a value.that will range . from 0.0 to.1.0 depending upon the similarity
of the healthy sample to the total field. 	 A value of 0.0 would imply
totally similar statistics while a- value of 1.0 means no overlap in the
range of values. 	 For convenience, these values can also be converted into
percentages (0-100%) and termed the - "deviatior! from normal field densities."
As detailed in Figure 3-21, the salinity (Fce) prediction technique
requires soil salinity ground truth data in order to assess prediction
rl accuracies in a regression rryjde. To obta in this data GRSU has resorted,:
to expensi ve, conventional soil sampling procedures. 	 The initial analysis.
of
 this conventional ground 'truth (ece) data and the "deviation from
i" normal field density values" resulted in an encouraging ,-positive correlation^..	 • -g
,.7.93 for 13 ' intensively _ampled co^ton `melds total i ngcoeffici ent ( r 	
approximately 1500 acres (May-1975 Annual Progress Report).
Siometry, by Re Sokal and F. Rohlf, W L 'Freeman and Company, 1969.
r^
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{ Since the last reporting period QRSU has been concerned with the
expenditure associated with acquiring the required ,soil salinity ground
truth information.	 To alleviate this problem, we have been in conict
with the Button4r llavr Warehouse, an agribusiness Unich sub-contracts
with agriculturists throughout the Oest Side of the San ^oaquln Valley
to .take .
 soil samples. 	 The data gathered by this agribusiness will novd
serve as the ground.truth information 10r .the salinity prediction procedure.
The CftSU has just recently obtained' the laboratory .soil analysis data
for approximately 150 fields, approximate y 10,000 acres. 	 As illustrated
in "fable 3-18this data is very . inclusive and . •rill .allava a r igorous test ©f
the oi1 salinity prediction procedure to Ge made, 	 This data is made
available (at what would otherwise be $30 per field).because Sutton^arillow
Warehouse is interested in a 'remote sensing technique which could predict
soil. salinity .or aid . their sampiing. schemes. 	 Based on this newly acquired
J ground truth salini ty data, the following data analyses are about to be
initiated. ' First, the Melds to be subjected to image analysis will be
stratified according to field condition (i.e. croptype or fallow), and
soil type.	 With deviation precentages generated and ground truth available
for these fields it will be possible to utilize linear regression, and
hypothesis testing procedures to determine if there is a significant_
statistical difference in the ability of the remote sensing procedures
s to accuratel y predict soil salinity when the field tender investigati on is:
i vegetated or mallow . (i.e. is the technique more accurate when
!`y the field is vegetated with a specific crop or when it it fallow?)
°	 situated on a particular soil 	 type (e.g. is the technique more
effecti ve on silt soils versus' . loam soils?)
Therefore, by the next reporting period this data w-111 have been
r analyzed in light of the deviation percentages data and confidence limits
placed on the salinity prediction procedure.
If this remote sensing soil sa l inity prediction procedure proves
'j to be a reliable technique, then two logical. uses of such data mould be
the prediction of leaching Water demands and agricultural yield decrement 
(Figure 3.21 ).	 The prediction of water demand for leachin g soluble
salts on a per-field b4sis requires that soil salinity, soil type, and
grater pr ►cing data be. available. 	 In order° to leach soluble salts down 1
foot it ordinarily 'requires that at least -15:acre-fee-t of water be `applied.
E:k This leaching Crater demand is, of coarse, dependent on the regional soil
characteristics previously discussed., _then the amount of leaching. water
required per. (field is determined and.multiplled by the cost.per,acre 1'oo g	 i
the G0.5	 of leaching Can ':hen fie de cc mifed
	
this` 1 ack^ing Tracer demand
''1	 a prediction; no^sever, gust not fie cons iek^ed in .the. sa tes lighl 	 as an	 j
agricultural water demand prediction.	 This is because the water required
to leach .out the solo l e sal Ls l ay. nev r; Fie ap lief simply due to	 me
perception of landowners as to hoes to best manage their land. ' Conversely,ti irrigation water . or specific crops mutt be ap plied.	 There -Fore, the salinity
le aching. requirement may be considereT a latent water demand in contrast
s
_
i __	 __ l
	 1	 I	 i	 I	 4_	 I	 I
to the dynamic agricultural water demand for specific crops.
Although not related to water demand, the prediction of agricultural
yield decrement due to salinity would be a very
.
 important use of the
prediction techniques. Once the soil salinity (I=ce)
,
 on a per field
basis can be predicted. for a given croptype, the potential yield decrement
of that particular crop for that level of field salinity can be predicted
by referring to appropriate yield decrement tables. Thi s statistic coupled
with market values for yield can generate either the expected crop value or
the dollar loss due to soil salinity.
The analysis,of bath leaching water demand and the expected yield
decrement due to salinity for a given region should improve management..
decisions concerning the cost-benefit of proposed leaching or drainage
programs
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3.30	 Sp ECIAL STUDIES
3,31	 Santa Barbaft County Crop Study.
A Santa Barbara County croptype inventory (see Figure	 3-6) has
been initiated on a $4,000 matching fund basis with the Santa Barbara
County Water Agency,
	 The-investigation is attempting to . identii'y problems
associated with the accuracy and cost-effectiveness of high altitude
and/or LANDSAT cropland and croptype inventories In thi s non-arid environment.
A county-wide ground truth survey of the 1975 field-by—field croptype has
been completed. as. the initial phase of the project. 	 This information will
serve the dual purpose of providing an accurate data base for:
°	 the in^estigatan of the potential of LANDSAT insgery for
future cropland and croptype inventories;
Phase I of the Santa Barbara ,County Water Agency's 1975 
Water Resource Planning , Program which includes a deter-
mination of current water demand, as well as.a projection .
of future water demand.`
The mapping of crop field boundaries for this study was done from h1gh 0-
titude, scale 1:32,500, `1:62,500 and 1.125,000 color it frared .pho °^ogra^ai^y.
Interpreted data was transferred optically from the imagery to 7,5 minute
USGS quadrangles.
	
These maps provide a planimetrically accurate base
from which information on the areal extent of specific categor ies of
land cover can be obtained.	 With these field boundaries delineated, a
county-wide field crop survey was undertaken by CRSU and eater agency
personnel during the summer of 1975.	 The agricultural classifications
! were made according to the State of California; Department of Water Resources
Land and t-later Use Survey system, which identified nine major categories
of land use:
k
s
' I- truck .crop
2- field crop
3- irrigated pasture
	
i
4- citrus and avocadoY
5- deciduous fruit and nutA 6- vineyard
7•- ornamental 	 78	 grain
9- semi-agriculture
Although the water agency required than the croptype data be .aggragated
40 this . l 'Vel of generality, GRSU personnel .0 ndEiC'i1ng: the 'field veriTicat'io on	 I
identified each specific crop for the entire county study area for the
purposes of assessi pg future automated cropland and croptype inventories.
Parameters to be analyzed.with regard . to the .. potential for satellite crop
inventories in this type of environment are the effects of diffevrent:`
rr
1
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crop species and phenologicai cycles (crop calendar)
' field size and geometry
• cloud cover distribution
• bureacratic and temporal requirements
In terms.of distinguishing specific croptype information more than 40
different crop species are grown in Santa Barbara County, making crop
identification a much more complex task than in Kern County, California.
In addition, the growth cycle is markedly different between the two
counties with similar species being planted and harvested at different times.
The varied topography of Santa Barbara County agricultural land
presents the problem of delineating fields that follow the te'erain contour
rather than a systematically surveyed rectangular system. These physio-
graphic factors have also led to the creation of fields as small as two
acres.
In addition to these problems associated within terrain, the climatic
variation encountered in this region creates a diversity of cloud cover
conditions, necessitating the use of .-multidate imagery for crop inventories.
The more temperate climate also influences the amount of water required
by each species, therefore affecting water demand prediction.
Information generated by this special study will be available to
all interested agencies at the local level. The extensive cooperation
between the Santa Barbara County Water Agency, Agricultural Extension Office,
and the GRSU is facilitating the success of the project.. The final product
of this study will be the development of a methodology that can be trans-
;	 ferred to local agencies for cost-effective cropland/croptype inventories in
€	 Santa Barbara County, hopefully from satel Ti to imagery. To thi s end,' a
detailed record has been kept of the time, cost, procedure, and accuracies
involved. The priority use of crap type data is for water demand prediction
but will be utilized in numerous modes by other county agencies.
i	 -
K	 3.320	 Goleta Groundbasin Permeability Study
3.321	 Introduction
In the May 1975 Annual Progress Report a groundbasin permeability study
was propased. This special study has been initiated and funded by the Santa
Barbara Office of Environmental Quality to determine the usefulness of
remote sensing techniques for identifying_ both the type and amount of per-
meable surfaces overlying a predominantly urban groundwater recharge basin.
y Tinney, L.R., Jensen, J.R., and Estes, J.E., "Urban land Use: Remote
Sensing of Groundbas n Permeabili-ty," presented at the First Earth
Resources Survey Symposium, Houston, Texas, June, 1975.
_j
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The areal extent of the groundwater basin (see 'Figvre 3-22) is a pproXimately
10 sq. miles. This basin provides an estimated 207 of , the water currently
used by the uoleta County Water District. Goleta County t1ater District
supplies water to an unincorporated urban and rural population that-, has
increased nearly.7001 during the last twenty , years and is currently.estimated
at 72,000. This dramatic population increase, coupled with limited local
water supplies, has resulted in the` implementation of a building moratorium
which has been in effect for the past two years.. Of crucial concern to
any litigation concerning this 
'
moratorium in particular, and t? water
district management in general, is the safe or sustained yield of the.
Goleta water basin. The safe yield of a groundwater basin Is directly
dependent upon the type, amount, and spatial distribution of permeable surfaces
overlying the recharge portion of the basin.
Two previous studies detailing the geology apd safe yield of the
Goleta groundwater basin are considered outdated. 3 This relative ob-
solescence is in part due to the effects of increasing urbanization which
commonly changes a basin's peak flow characteristics, increases total
runoff, and often adversely affects groundwater quality. Figure-3-23
graphically illustrates an example of talee-general increase in the number
of overbank flows, a factor related to both peak flow and total runoff,,
that might be expected with increasing urbanization.
Table 3-19 shows the dramatic increase in sediment yield commonly
found as one goes from rural to urban landscapes.4
TABLE 3 -19
f
9
4
Drainage Area
(sq.	 miles)
Sediment
Tons Per*Year Tons Per Year
Per Sq. Mile
RURAL Natts Branch in
Rockville, Md) 3.7 1,910 51F
URBAN (Little Falls Branc
near Bethesda, Md. L_ 4.1 9,530 3,220
"Long-term sustained yield is a rate of withdrawal equal to the sum of
changes in recharge and discharge that take place as a result of With-
drawals and lowering of water levels by pumping" Water Resources Council,
"Essentials of Ground-Water Hydrology Pertinent to Uater Resources Plan-
ning, Washington, D.C., August 1973, 48p.
2 Upson, J.E., "Geology and Ground-Water Resources of the Southern Coastal
Basins of Santa Barivar,', County, California, with a Section on Resources"
by H.G. Thomasson, Jr., U.S, Geological Survey Water Supply Paper 1108,
1951, 144p.
3 Evenson, R.E., Wilson, H.D., Jr., and Muir, K.S., "Yield of the Carpinteria
and Goleta Ground-t-later Basins, Santa Barbara County, California," 1941
to 1958: U.S. Geological Survey Open File Report 112, 1962.
4 Leopold, L.B., "Hydrology for Urban Land Planning-A Guidebook on the
Hydrologic Effects of Urban Land Use," U.S. Geologic Survey Circular 554,
1968, 18pp.
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The research presented in this paper was conducted by CRSU personnel
as part of a study by the Santa Barbara County Office of Environmental
Quality to revise previous estimates of the Goleta Basin's- safe 'yield.
The initial stage . of our. research involved, the detailed. delineation of
permeabl r: and impermeable surfaces on.. l ow altitude con^rentional black-and-
white photography. Impermeable surfaces were broadly defined to include
roads, parking lots, etc., while permeable surfaces were more specifically
categorized. as. to their type This information..was manual ly. transferred
to overlays and automatically mensurated by a'video image analyzer capable.
of density slicing and digital planimetering. Accuracies and costs associated
with this technique have been documented and compared to more conventional
approaches.
Data generated duri4.g this initial research phase is currently being
used to provide reliable training samples for a pattern recognition analysis
of high altitude color infrared photography. The spectral signatures of
these samples are providing the statistics by which the remaining portion
of the study area will be automatically classified. Previous automatic
classifications of impervious surfaces have been hampered by a lack of.
reliable data against which the classifier results can be compared. The
extent of this study area and amount of photo!nterpreted data available
to this study are such that a more reliable assessment of classification
accuracies can be achieved. Preliminary analysis of the results of our
pattern recognition research discussed later, are considered encouraging.
r
3.322	 Methodology
trained image interpreters were employed to classify and categorize
data present on the black-and-white imagery. The interpreters were asked
to classify the various land uses into four categories. The categories were:
1. Non::^ermeable suVaces: generally defined to include roads, roofs,
parking lots, and other impervious surfaces.
2. Permeable surfaces: specifically defined as
2a. Lawns,
2b. ir,I gated agriculture, or
2c. Native vegetation and open.space
These initial interpretations were accomplished from low altitude
conventional black-and.-white photography flown in June 1974 and printed
at a nominal scale of 1:7,200. Acetate overlays were placed directly
upon the photographs and three of the four classes were color coded by
the image interpreters. Owing to the suburban nature of the Goleta
environment, the most detailed category was lawns; this category was left
clear. The overlays were then subdivided into 3 inch square cells suitable
for analysis by the video image analyzer.
The color ceded overlays were then density sliced by the video image
analyzer to take advantage of this system's electronic planimetering
J^
y^
t
r
T^
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capability. By the selective use of color filters placed between the
video camera and the color coded overlays a potentially large number of
classes can be distinguished by their tonal density values alone. Such
a procedure, espectally when combined with a pattern recognition algorithm,
may also provide the basis fbr thematic map encoding, as discussed by
many land use information system proposals. The procedures developed
and utilized in connection with this project proved highly efficient,
requiring less than one day of labor to extract all four class area
estimates, on a grid basis for the entire ten square mile study region.
Figure 3-24 illustrates a two-class example, as interpreted from the
low altitude pbotography, including 1) the original photography, 2) the
photo interpreted overlay of the scene, and 3) the corresponding video en-
hancement and digital planimeter values. Table 3-20AB summarizes the results
of this analysis for the entire Goleta recharge basin.
TABLE 3-20A
GOLETA RECHARGE BASIN: ACREAGES
.3mb-Basins
Class	 Western	 Central . Northern	 Eastern	 Total
1	 Impermeable
	
357
2a Lawns
	
204
2b Irrigated
agriculture
	
135
2c Open space and
natural vege-
tation
	
648
TABLE 3-20B
GOLETA RECHARGE BASIN: 	 PERCENTAGES
Sub-Basins
Class Western	 Central	 Northern	 Eastern Total
I	 Impermeable 27 44 30 43 38
2a	 Lawns 15 24 24 28 23
2b	 Irrigated-
agriculture 10 9 16 5 9
2c	 Open space and
natural vege-
tation 48 23 30 24 30
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WATER BASIN PERMEABILITY STUDY
1972 BLACK AND WHITE	 VIDEO ENHANCEMENT AND
AERIAL PHOTOGRAPH 	 PHOTO INTERPRETATION 	 ELECTRONIC PLANIMETERING
Ai
r
Courtesy of Paafc VV stern Aerial SurveysSanta Barbara, Caldmia
	 E] Permeable	 Permeable	 2.0 Acres = 46 %
M Impermeable	 Impermeable: 2.4 Acres =54%
GrnFNJrhr Rernure .lrrmnj Unit. UmrrnJh r,/ Calif ...1. at Snr•i Bd huN
Figure 3-24. Permeability study methodology. E
3.333	 Analvs-is of-Alternatives
In addition to the techniques discussed above, various . alternative
methodologies were available for supplying the information required for
the Goleta Basin safe yield study. Extensive 	 field investigations were
definitely. prohibited due . to both time and Monetary constraints.. Sampling
techniques used in conjunction with aerial photography were also not deemed
appropriate as the spatial dimension of the data was to be retained for our
automatic pattern recognition studies and possible "updates" of the safe
yield in the future.
The most viable alternative available at the inception of the project
was considered to be direct visual estimation from the photography. An
analysis of the accuracies obtained using such a procedure were found to be
86% accurate compared to the actual project methodology accuracy of 98%
which involved image interpretation and video planimetering of color coded
overlays. It should be emphasized here that when monetary, accuracy, and
time constraints are such that the more detailed. analysis is not feasible,
this visual option could be considered a viable alternative.
Another somewhat less optimal alternative is visual estimation from
the color coded overlays. This resulted in accuracies, of 9.5%. This technique,
however, still involves the major project expense of interpreter overlay
compilation. Once the overlays have been generated the video enhancement
and planimetering costs are negligible (less than 8 hours labor for the
study region), provided the analyzing equipment is available. The alternative
of manually planimetering each class was found infeasible at the original
imagery scale due to the intricate nature of the class distributions.
Indeed, this intricacy presented an obstacle to evaluating the relative
accuracies of the various procedures by necessitating the photographic
enlargement of selected scenes to scales more easily planimetered.
The.most automated technique examined, which is still under investigation,
involves the application of a pattern recognition algorithm to a digitized
representation of color infrared.photography. A maximum likelihood
algorithm trained on samples of the four classes has.been used to classify
a small portion of a NASA high altitude color infrared-photograph. When
the lawns,irrigated agriculture, and open space in this study area were
aggregated to one permeability class, a mean classification accuracy of
75% was achieved. The major assignment to permeable classes appears to be
based primarily upon the high reflectance of vegetation in the infrared
spectral region. These results are considered encouraging, though pre-
liminary in nature as less than 5% of the study area was analyzed..
Present research is being directed towards expanding these preliminary
results and assessing the nature and extent of the major variables affecting
both accuracy and the transferability of this methodology to other regions..
l
x
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3.334	 Conclusions
This research has documented an effective methodology to accurately
generate quantitative urban groundba:sin data useful -for determining safe
yield values The extensive amount of accurate data generated by this	 J
project from low altitude photography has provided a reliable basis against
which automatic techniques, based upon high altitude color infrared
photography, can be evaluated. The methodology utilized for this project
takes advantage of an image interpreter's ability to :precisely delineate
permeable from impermeable surfaces in compl ex. urban: environments, and a
video image analyzer's ability to accurately and rapidly extract quantitative
area estimates for assigned classes. Analysis of our results by the cooper-
ating user agency, the Santa. Barbara . County Office of Environmental Quality.,
has just begun: As close user-researcher contact has been maintained
throughout this study a favorable user response is anticipated. If success-
ful; approaches such as those discussed herein will significantly reduce
the time and effort involved in generating permeability data, an important
aspect in determining urban hydrology dynamics.
3.40	 FUTURE RORK
Future GRSU research will entail work on the following topics;
-	 1
• A. district or county-wide remote sensing-based estimates o^ .agH
cultural water demand will be'cohlpared with conventional estimates,
cost, and accuracies
e`I
A detailed cost-effectiveness comparison between LANDSAT croptype.._.
inventories and the California Department of Water Resources
(DWR) croptype inventories will be initiated. Data is currently
available from DWR for the Kern County region.
	 „_!
An analysis will be made of benefits derived from the use of more
accurate, timely, remote sensing croptype water demand information 	 I
when applied to the KCWA model. Dedicated runs driven by remotely
sensed water demand data will be compared to hydrologic predictions
based on conventional historical data. In this manner GRSU will
begin to answer work items 2, 3, and 7 in a'quantitative manner.
	
w.
The applicability of semi-arid environment agricultural water
demand prediction procedures will be tested in the more temperate
Santa Barbara South Coast region. The goal is to identify
specific parameters to be incorporated and problems which must
be .solved to effectively transfer the 	 dure to a different e,Y
environment and land tenure system. This research will go forth
in terms of the Santa Barbara County croptype inventory discussed
in section 3.410.
• The remote detection of perched water tables will utilize thermal
infrared overflights or multi-date LANDSAT band ratioing.	 j
• The refinement of the remote sensing salinity prediction procedure
will be initiated based on the substantive ground truth information
now available.
• In conjunction with the Riverside and Berkeley Groups, GRSU will
develop additional LANDSAT remote sensing techniques pertinent
to California Department of Water Resources.(DWR) water demand
forecasting. Specifically, DWR has indicated that perhap3 their
statewide water demand forecasting could be predicted from know-
ing only level one land use classification data (i.e. irrigated
land, irrigable land, and urban). However, this thesis needs to
be researched and documented.
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CHAPTER .4
USE OF REMOTE SENSING TO INVESTIGATE WATER
RESOURCE ALLOCATION IN SOUTHERN CALIFORNIA
Ca-Investigator: Leonard N. Bowden, Riverside Campus
Contributors:	 C. Johnson, D. Nichols, J..Drake,
G. 'Thomas, A. Van Curen
E. 4.0	 INTRODUCTION
Southern California is a region in which the allocation of water
_	
resources can have-far reaching implications in the economic, social and
geographic sectors. On one hand, imported water serves for the most part,
as the economic life--blood of the region in that it is vitally needed for
both agricultural and domestic purposes. On the other hand, Southern
California has a large though inadequate water supply of its own. The
relationship of these two water supply sources affects the quality of life
and to some extent the food supply of this highly populous area.
Remotely sensed data sources appear to be able to provide cost-
effective information relevant to assessing.pressures brought to bear on
these watex- resoixces.	 It is in light of the general water resource
3
allocation problems of Southern California that several p1.anning techniques
are applied and described.below which rely heavily on NASA remotely
sensed imagery.	 Included axe specific investigations which evaluate and
'-; demonstrate the use of remote sensing for estimating water demand for the
f Upper Santa Arta River Basin.
Another important resource is the Southern California coastal zone
j where population pressure for housing and recreation competes with any
attempt to preserve the ecological balance of a fragile resource. 	 In a
way, the coastal. zone is just another extension of the complex California
j water resource management problem. 	 Also reported in this chapter is
L research performed by our University of California, Riverside scientists
as they have sought to develop applications of remote sensing 'toward the
solution of problems in California's coastal zone.,
4.1	 Current Studies in the Use of Remote Sensing to Determine the
Water Demands of the Upper Santa Ana Basin
4.1.1 Introduction	 i
	
r #	 Water use displays a spatial co-variance with land use types.
	
.	 'Therefore land use patterns are invaluable in estimating overall water
demand and understnading the spatial component of water demand. As
	
A	 changes in land use are monitored, a temporal aspect is added which, com-
bined with'the
.
 spatial information, is useful for the making of long
	
1,::i	 9
I
J
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range decisions regarding grater resource demand.
The use of high altitude remotely, sensed imagery to. determine long-
term water d=and through analysis of land use is proving to be most
effective. The California. State Department of Water Resources (DWR)
has, for many years, forecasted long--term water demand by an empirical
model that utilizes net land use as the driving parameter. The results
of research conducted by our U.C. Riverside remote sensing personnel
both improve the model in accuracy and provide rapid output of results.
The development of water demand information for the Upper Santa
Ana River Drainage Basin has led to three related studies. The first of
these is a machine-assisted land use study. It is necessary to
identify the land use of the basin because how the land is used
constitutes the driving factor in modeling where and how the water is
or should be used, as well as how this mix changes through time. The
second study is. a.population-oriented one and entails stratification
of the area based-on per capita water use and population density. For
estimating current non-agricultural water demand in selected service
districts, DWR utilizes a combination of population and water delivery/
connection data. This yields a per capita water consumption statistic.
Because population estimates are aggregated, the per capita figure is
generalized over a large area and does not often correspond with DwR
planning units. Remote Sensing used in conjunction with census data for
producing disaggregated, updated population data and per capita water
use, is the subject of this second study. Our third study more closely
examines the temporal aspects of water demand for agricultural purposes
in this area. The study was brought about as a result of the Department
of Water Resources' particular concern with agriculture and related
water supply problems. As a demonstration, two projects are being
carried out. The first involves an identification of the citrus crop
over a period of time in order to be able to assess regional trends
with respect to water supply needed for that particular crop. The
second project was specifically requested by DWR and seeks to determine
the number of months during which irrigated agricultural fields are
idle. Agricultural water demand estimates made by the DiVR are made with
only a fair guess as to the duration of the inactive season. Because
agriculture represents 33% of the land use in the basin, the accuracy
of predicting the inactive season can made a considerable difference
in the overall water demand estimate..
4.1.1.1 Objective
The.overall objective.of the.investigati:ons just described has been
to obtain the most accurate up-to--date land use by the least expensive
methods to determine spatial variations in water demand. The use of
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remote sensing has long been employed to determine land use, +ut. generally
the remote sensing data Have only been obtained by low level aircraft
flights. In order to demonstrate the applicability of high altitude
sensors (i.e. U-2) for land use data acquisition, a test site was
selected in which a major land use mapping effort was carried out,
utilizing NASA high altitude data sources. The purposes of this effort
was not only to map the _land use but also to systematically organize
the information so that areas could easily be calculated, a variety of
maps could be drawn and the'data base easily updated from subsequent
imagery. Preliminary findings show that a single.hi h-altitude (NASA
U-2 image can replace many low altitude images and yield far less distor
-tion while nermitti.nQ much faster data reduction to determine water
er Santa Ana Drainage Basin.
4.1.1.2 Location and Physical Factors
The Upper Santa Ana River Drainage Basin lies east of Los. Angeles
(Figure 4.1) and is separated from the coastal Los Angeles Basin by the
northern extent of the Santa Ana Mountains and.by  the Chino -San Jose
Hills which. rise to the-west of the Elsinore Fault zone. The only river
outlet of the basin is the Santa Ana River which flows through the gap
separating the Santa Ana Mountains from the Chino Hills. The Elsinore
Fault cuts across the upstream entrance of Santa Ana Canyon with the
west,si,de of the fault block rising nearly to the surface where it forms
a barrier to underground water flow. Thus all underground water is
stored or flows to the surface. At this site the Corp of Engineers has
built the Prado Flood Control Dam which permits only regulated surface
water to continue downstream to Orange County. At the soutliern end of
the upper Santa Ana River Basin, between the Elsinore though on the west
and the San Jacinto Fault on the east, lies the Perris fault which
effectively blocks the drainage of any surface water to the south. The
north and east sides of the basin are divided into the San.Gabriel,
San Bernardino, San Jacinto,
-
and Santa Rosa Mountain ~,rater sheds. The
mean annual rainfall increases from 28 cm (11 inches) in the southwest
portion of the basin to over 38 cm (15 inches) along the foothills in
the northeast area. The effective precipitation.(annual precipitation o
minus evapotranspiration) in this semi-arid basin which has a 17 C (63 F)
mean annual temperature is only 7.6 can (3 inches).
4.1.1.3 Water Rights and Historical Demand.
A series of litigations over the past 25-years between 'he lower
basin (Orange County) and the upper basin.(Riverside and San Bernardino
Counties) users has resulted in a limit in the quantity of surface
runoff water that may be impounded by the upper basin users. Consequently,
upper basin users are not permitted to use all of the 32,824 hectare--meters
(266,000 acre-feet) that is generally available annually. The water
demand in the Upper Santa Ana River Drainage Basin has been greater
than the local supply since the early 1940's. Imported water.from the
Colorado River was first delivered in 1943, with the quantity imported	 r
increasing each year. Yet, the basin has continued to be overdrafted
i
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due to increased urban demands and a decreasing available supply from
local surfaee'and underground basins resulting from the above litiga-
tions. Recent deliveries from the California State Water Project from
the Feather River have now been added to the system. But even this
new source of water may prove to be insufficient. Since the original
contract for California Project Water was made, the U.S. Supreme
Court has placed a restriction on the amount of water which the State
of California nay draw from f z Colorado River. During drought years
in the Colorado River Basin this may cause a shortage of importable
water.
4.1.1.4 Interaction with Public Agencies
During the past year cooperation with public agencies has increased
significan-t.ly. Because of the heavy emphasis on water demand in these
studies it has only been natural that the public agency of prime
concerr has been the State Department of Water Resources (DWR). However,
the study has generated considerable interest from the Santa Ana Region
State Water Quality Control Board as well as the planning departments
of the two concerned counties, Riverside and San Bernardino.
Robert Smith, Senior Water and Land Use Analyst, Southern District
(Los Angeles), DWR, has been in periodic contact with our U.C. Riverside
(UCR) Remote Sensing scientists, exchanging ideas for improved methodolo-
gies and stating specific-areas of interest of concern to his department.
To assist D1VR with updating their land use files of the Upper Santa
Ana River Drainage Basin all land use interpretation data derived by
UCR have been duplicated for the DWR. Analysts from the DWR have come
to Riverside and we have cooperated in reevaluating specific areas of
question and concern. As noted elsewhere in this report, the two
differnet land use codes {UCR and DWR) have been cross-correlated to
enable conversion from one file to ^-he other.
Jack Newcombe, Planning Director, Riverside County and his associates
have been most concerned with the development of machine-assisted
techniques. In addition to cooperating in land use mapping they
have been developing upon our recommendation, a machine-assisted land
use system that will accommodate remote sensing data sources, including U-2
photography. The actual development of their system will be through a
cooperative effort with Southern California Edison and Environmental
Systems Research Institute (SRI) of Redlands. The latter group has
worked closely with us in developing machine processing techniques.
Ken Topping, Planning Director, of the San Bernardino County
Environmental Improvement Agency, and his associates have also been
consultation with the UCR group on a periodic basis. The county has
completed the acquisition of a machine--assisted land use mapping system,
also in cooperation with Southern California Edison and ESRI. Ron Matyas,
a former employee on this project at UCR, was hired to supervise the
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implementation and coardination of machine-.assiated' opexations in the
S.B. County Planning Department,
4.1.2	 Machine-Assisted Santa Ana Basin Land Use Mapping
The development and maintenance of a water demand model requires both
current and accurate data for the driving parameters.	 The State Depart- j
ment of Water Resources has determined that tie most reliable parameters
are land use and population.
	
Changes in long-term living habits are }
expressed visually by changes in land use. 	 These changes are most 4
discernible by means of aerial photography.
	
Hence a unique oppor-
tunity is provided by NASA test platforms, such as the U-2 aircraft, _}
to display their ability to provide data for solving long-term water
resource problems. -;
I
4.1.2.1 Philosophy of Approach }
Current staffing and equipment at the Department of Water Resources
(D11R) permit the detailed inventory of a region to be made only once
every decade.	 With the fast changing land use from rural to urban in
many areas of California, DIVR is forced to make long-term water supply },'
decisions with outdated and perhaps inaccurate data.	 A system is
needed that will provide accurate and easily updated land use informer-
tion.	 Any system developed must be economical and attainable within -
the low budget of the various district offices.
	
A statewide computer
system is available to the various offices if trey can prepare the
data within the capabilities of the local district. 	 The present state i
of data reduction within district offices is exemplified by the fact ;{	 '
that acreage calculations are being accomplished by a careful cutting
and weighing of special prints of land use maps. 	 Hence, exotic systems
that employ procedures of discriminant analysis to identify land use
cannot easily be transferred to state use at this time.
	
A system
of machine-assisted land use inventory is pushing the financial limits of
the local office, but can be adopted if a cost-benefit can be proved.:`
With cooperation from the Los Angeles District office of the DIVR the
following outlined machine-assisted land use system is being developed
utilizing high altitude (U-2) aircraft imagery for data. f
4.1.2.2 Analysis of Imagery and Land Use Classification
Five high altitude aircraft (NASA U-2) missions have been flown or	 r
our Southern California Test Area, viz. the Santa Ana.River Drainage
Basin. The five dates of photography were December 10,-1973, March 14,
1974, ,tune 3, 1974, October 16, 1974, and November 26, 1974 thereby
covering the four seasons. The first four flights employed the RC-10
camera system using a lense with the 153 mm (6 inches) focal length and
color infrared film (CIR). The 70 mm Vinton Camera package provided the
4--7
secondary sensor system.	 The November flight was made with an RC-10
camera and an HR--732 camera hoth-. using CIR film. 	 On this flight, the
RC-10 camera used the regular 153 mm [6 inches) lens and the other
camera used a 510 mm {24 inches) focal length lens.
The 1:130,000 stale CIR imagery, as obtained with the RC-10 camera,
is providing an average ground resolution of about 6 meters (20 feet).
The 1:32,500 scale imagery, as obtained with the HR-732 camera, is
 providing ground resolution of about 1.3 meters C5 feet).	 This is
proving sufficient to interpret land uses to better than the second level
of classification (see Table 1) which is adequate to fulfill the
need to determine water use categories.
Our research effort has contributed to a further understanding and
defini:tiozi o£ land use classification systems from huh altitude and
satellite imagery. " The land use definition required for calculating
-^ water demand differs from that needed by most planners. 	 Planners desire
more detailed urban identification while water resources agencies are
71 more concerned with unit area definition. 	 The ideal classification
system would provide sufficient definition in both urban and rural
environments for all users. 	 Therefore, the studies performed under
this grant have been designed to develop a system that would provide
.. the most accurate water demand estimate, but at the same time could be
used in a machine--assisted geographic lnfoi .mation system ca able of
being utilized by other type users without modification. 	 Table 1 lists
the UCR land use classification adapted to this study with the equivalent
State	 Department of Water Resources land and water use classification
shown in the adjacent column.
One of the more significant adjustments in land use interpretation
from high altitude aircraft/satellite imagery is in the Living Area (Resi .-
dential) category.	 Housing density is the more api)arent residential
feature rather than numbers of single buildings. 	 Consequently, the
concept of classifying living areas into low, medium, or high density
classifications is introduced. 	 The low density includes urban residential
4 lost of 0.13 hectares (1/3 acre) or greater, rural residential on lots
of 0.2 hectares (1/2 acre) or larger, and resort houses (mountain cabins
or other type second home recreation house). 	 Medium density housing is
comprised of the area generally classified as separated single family
! dwellings on lots of less than 0.13 hectares (1/3 acre). 	 High density
living areas can often be detected as apartments of 3 or more household
units, hotels, motels, and other buildings devoted to providing hhelter
for multiple residents.
Industrial areas are detectable as either heavy or light. Light
industries are usually of lesser acreage and found in a particular portion
of urban areas according to local zoning ordinances. Some "ground truth"
is usually required if differentiation between light industry and commercial
t
L
Table 1
LAND AND WATER USE CLASSIFICATQONS
UCR CLASSIFICATIONS	 DWR EQUIVALENT CLASSIFICATIONS
Code
	 Title	 Code	 Title
I	 LIVING AREA	 RESIDENTIAL (URBAN 6 RECREATIONAL)
11	 Medium Density Urban (Single) 	 UR	 Urban Residential
12	 High Density (Multiple Units)	 UC 2/RR Motels, Urban 6 Resort
UC 4	 Urban Commercial (Apts S Barracks)
3
W
H
1
I^
14 High Density (Mobile Homes) UR Urban Residential
i
15 High Density (Transient Lodge) UC 4 Urban Commercial
13 Low Density (Urban Estates) UR Urban Residential
16 Low Density (Rural Dwelling)
17 Low Density (Recreation Unit) RR Recreation Residential
!I
2-3 INDUSTRIAL (Manufacturing) URBAN INDUSTRIAL
21-27 Light	 Industry UI 1 Manufacturing
2B-34 Heavy Industry UI 61-12 Sawmills, 011,	 Paper, Meat,	 Steel,
Food
4 TRANSPORT b UTILITIES
i
{
41 Railways S Rail Terminals UI 3 Storage 6 Distribution
42 Motor Transport Facilities
43 Aircraft Facilities
44 Marine Craft Facilities
45 Highways and Roads UV 4 Urban Vacant, Paved
46 Automobile Parking UV 4 Urban Vacant, Paved	 l
47 Communications UI 3 Storage 6 Distribution	 j
48 Utilities	 (water, gas,	 eiec. UI 3 Storage S Distribution	 '.
sewer)
5 COMMERCIAL (Trade) URBAN COMMERCIAL
51 Wholesale Trade Ul 3 Storage 6 Distribution
52-58 Retail Trade UC I Misc. Establishments
6 SERVICES
61-66 Commercial F, Professional UC I Misc. Establishments
67 Government
68 Education UC 6 Schools
69 Social UC 5 Institutions
7 CULTURAL, ENTERTAINMENT, REC
71 Cultural UC 7 Auditoriums, Theaters, Churches
72 Public Assemblies UC 7 Auditoriums 	 Theaters, Churches
73 Amusements UC 7 Buildings b Stands w/race 	 3
tracks, etc.
74 Recreational Activities UC 7 Football Stadiums, sports parks
75 Resorts E Camps RT Camp L Trailer Sites, Recreational
76 Parks and Golf Courses P Parks, Recreation
8 RESOURCES
81 Agriculture A Agriculture
81.4 Dairies A
82 Agriculture Related S Semi-Agriculture
63 Forestry Activities
84 fishing
85 Mining UI 2 Extractive	 Industries
9 UNDEVELOPED URBA14 VACANT/IiATIVE
91 Land UV-1 Unpaved, Urban Vacant
92 Forest NV Native Vegetation
93 Water	 (incl Dry Channels) NR Riparian Vegetation
Nil Water Surface
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wholesale trade is required. The heavy :3ndustxies .(oil,.steel,.food
processing) are detectable btthei.r larger acreage and-urban fringe.
location.'
The transportation classification, because of the linearity of
features and the large overall size, can be identified to the third
and even fourth level of classification, Lalthough identification was
necessary only to the second level for this study. Likewise, utilities
(power substantions, water plants, sewer plants, and gas .facilities)
are detectable to the third level-from high-altitude imagery.
Commercial wholesale and retail trade is generally limited in
detection to the first level of identification. Depending on location
in'the urban area; wholesale trade is confused with either retail trade
or light industry. Second level detection of commercial trade buildings
is extremely difficult unless the trade possesses some unique feature
of more than 6 ground meters (20 feet) resolution.
The service classification is detectable by the distinctive features
of government, educational, religious, and hospital buildings. The
exceptions are business and professional services. Unless business
services are uniquely located, it is difficult to distinguish them from
retail trade.
Amusements and recreational activities can often be classified to
the third level because.of the large land area involved. Cultural
buildings and public assemblies demand approximately the same water use
and can be consolidated for investigation. Recreational parks, golf
courses, and resorts require a similar quantity of water due to the
large expanse of grass areas. They too have been consolidated, although
coded separately.
Resources in the Upper Santa Ana River Drainage Basin are classified
into three second level categories; Agriculture, Forestry activities,
and Mining. For the first phase of study, agriculture is only being
classified to the second level. The high altitude aircraft imagery
taken on sequential dates provides adequate data to identify agricultural
crops to the fifth level of necessary. Because of the specific
investigation mentioned earlier, all dairies are being identified
separately from general agriculture.
Undeveloped land is being coded to second level classifications of
open land., forest, and water. Dry water channels are classified under
undeveloped water even though many of the dry channels only carry
runoff flood waters or underground percolation.
The four date, high alt tpft..-aircraft.CIR imagery, has been adequate
to classify all of the land use in the Santa Ana'River Drainage Basin_to
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at least the second level, a level adequate for a water demand model
that uses land use as the driving parameter. (Braving parameter is
defined as the one factor in a model that if incorrect or changed.
in character will cause the greatest error or change in the final
t	 results produced by the model.)
4.1.2.3 Statistical Compilation of Land Use Acreage
While the production of a map is necessary to display the results
and provide the planners with a better idea of where future v.;tions
should be directed, the most important result of the Land use mapping
for water demand studies is in the compilation of acreage statistics.
Once a polygon has had its vertices identified and encoded into machine-
readable form, it becomes a simple, almost instantaneous, calculation to
determine the acreage of the polygon. Summaries by land use type,
hydrologic sub-unit or any other pre-defined sub-division are obtainable
in less than one minute of computer time on an IBM 360-50.
Thirty-two maps comprise the base map grid overlay of the Santa Ana
River Basin. All maps have been interpreted and exist on mylar overlays.
All of the maps have been completed to the stage of a preliminary shaded
map, acreage calculations, and outline plot. These figures are shown in
Table 11. This essentially completes the construction of the data bank.
However, final editing and special updating techniques are presently being
developed. This stage of research involves the investigation of methods
that rely on the combination of high altitude image sources and computer
processing to produce a regional land use data base that can be kept up
to date with a minimal amount of effort.
4.1.2.4 Editing and Updating Procedures
In order to facilitate themapping of land use change in the Upper
Santa Ana Basin, objectives and procedures have been formulated. The
objectives were devised to insure that: 1) current and reliable land use
maps are produced quickly; 2) the land use succession can be detected and
measured and; 3) the operational procedures and land use classification
system are compatible with the land use information system.
The procedures applied to this land use updating project are designed
to eliminate the unnecessary production steps. The successive steps, as
diagrammed in the flow chart, (Figure 4.2), are outlined below.
The original land use map and the digital land use outline file are
readily available for each quad sheet as a result of effort prior to up-
dating. As recent imagery suitable for updating purposes is acquired, a
mylar outline of the original land use is produced by the computer at the
same scale as the imagery.
Land use change is compiled directly upon the mylar overlay which
has the original survey plotted on it. The land use outline is then inter-
preted for change. This procedure of drafting updated information upon
the original map requires less production time and reduces the possibility
of error during the transferring of data.
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Table' 1l .,
LA.\ID USE AREA OF TIME UPPEA WITA ANA RIVER
L{ DRAINAGE BASIN, 1975
CALSSIFICATIO'."I ..; III CTARE S ACRES
LIVLIG AREA	 sI.D. (non--differentiated) .60 148
Urban, Single IhaellIng 51778 127941
Urban, Multiple Dwelling; 194 479	 ,
Rural, Mixed Ihaellings 1794 4433
r,
I •IDUSTRIAL	 N.D. 2125 5252
^s
Light 106 262
Heavy 1157 2858	 i
TRMSPORTA.TION and UTILITIES
	 H.D. 376
1
929
Transportation, 4915 12145 F	 ^
Lim
_
Utilities 1844 4556
COM[IIERCIAL or TRADE
	 N.D. 4179 10326 i
_ Miolesale 209 517	 i
LJ
Retail 242 598
SERVICRS
	 I7.D. 98 242	 {
'business and Professional 690 1706
Government 4322 10630
Educational 3037 7505
Social 60 148
: E i CULTURAL, AIMSI,M NT and RRCREATIO'N
	 N.D. 42 105
	 .'.
Cultural and Public Assembly 438 1082
Recreational, Resort and Parks 4871 12035	 F
}	 wy 3RESOURCES
	
I.I.D. 561 1386
°n A-gricultural 100882 249276
r.
Forestry, Fishing and ]dining 948 2343
n
U IDI;V MOPED	 N,D.
—	 --	 -	 -
2141 5292
Land 185127 457443
Forest 129036 318.843
^^
Water (including dry channels) 16054 .39669
	
I
r Unclassified 69332 x.71 16
TOTALS 586 .,,51$ 1,449,514, ,.
IIRIGINAL PAGE IS
OF POOR QUALITY
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UPDATED	 UPDATED DIGITAL
LAND USE MAP
	
LAND USE MAP
FIGURF 2. F164 chart showing procedure used in preparing
updated land use maps of the Santa Ana River
Drainage Basin with the aid of high altitude
color infrared aerial photography.
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Iwhen changes are being-redrafted on the overlay, colored pencils
are used so as to facilitate the detection of errors and the determina-
tion of types of changes that have occurred.	 The horizontal movement,
in terms of the function change between the two time periods, is the
primary point of interest.
Field investigation of the updated maps immediately follows the
interpretation.	 Corrections of the map are made on the site location
to reduce the error factor. 	 An updated land.use map is then produced
from the field-corrected map.	 The updating of the digital map file,
based on the changes detected by the above procedure, is the next step.
Digital map updating can be viewed as either editing, overlay, or
insertion.	 In any case, the ease with which this updating task can be
accomplished is a function of 1) the nature of the change information
(i.e. functional, positional, or a combination); 2) the nature of the
update data source; 3) the data structure of the map, or in other words,
i the manner in which the map is represented on a computer compatible
_t
storage medium; and 4) the nature of the computer configuration and
operating system available to the user.
It is our philosophy regarding the latter that the development of
a spatially updateable software system should be both batch and interac-
tively oriented in order to accomplish the technology transfer function.
S.w As well it should be fully supportable under either operating environment.
Because our research efforts involve the use of remotely sensed
imagery as an update data source, parameter two (above) is both constant
	
`u	 and a given. The use of imagery for digital map updating leads to a
situation where all updates can be known .and mapped at a particular time.
	
}'	 It is therefore desirable to be able to execute the digital map update
	
j	 in a single operation.
The nature of the change information is complex, being both positional
and functional, and requires that positional accuracy standards be observed
by digitizing boundary changes. Most information systems satisfy data
input requirements by either interactive sessions with sophisticated
interactive digitizing devices (essentially a special edit operation) or
(in batch operations) by inserting all boundaries of all affected polygons,
a procedure which requires much redundant data input. Normally only one
	
j'	 of these operations is available to the system use, dependent upon his
	
^-	 computing environment, and is restrictive due to inflexible data structures.
Software research and development activities are underway, addressed
specifi.cally to single-run updating from imagery sources in either batch
or interactive modes, and not requiring _ny equipment more sophisticated
than an off--line digitizer and interactive terminal. These activities are
presently oriented toward creating and testing a data structure which will
allow the flexibilities and unique data input described above. Presently 	 j
	
n.	 it is felt that a directed, topologically-linked data structure will
provide the necessary flexibility as well as negate redundant data entry.
a	 Low level subroutines are being written which will accomplish the maintenance
8
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of the data structure. In addition these subroutines provide the basis
for a complete spatial information processing/operating. system uniquely
suited to remotely sensed data inputs.
3
4.1.2.5 Preliminary Cost-Benefit Estimates
.	 c
Although a strict comparison of DWR and UCR methodologies is impossible
due to a difference in products and system flexibility, the following ob-
servations can be made:
a. Initial map preparation and conversion to machine code requires
about .13 man hours per polygon (an average map in this study has 190
polygons) or approximately 25 hours per map. Average plotting and computer
processing costs amount to about $140 per map. It is felt that these
figures represent the same timelcost factor as that required for manual land
use data conpilation. The figures do not include data gathering, where
remote sensing far exceeds ground survey methods in efficiency.
b. Cost-benefits begin to apply when (once in machine form) the data
are: .1) analyzed; 2) cross correlated with other data; 3) used. to produce
statistics such as acreages or population densities, and/or; 4) used to
produce maps with various scales and shadings. For example, acreage calcu-
lations are essentially "free" at this point.
C. Cost-benefits will be greatly increased when updating and editing
procedures are performed. Preliminary studies indicate that approximately
20 man--hours will provide machine input data for a map update where normal
manual updating procedures are likely to require upwards of 200 hours. For
this one study area alone such savings should be multiplied by 30 maps,
giving a total savings of 5400 man hours.
d. The interest by DWR was not only in our study of the machine
assisted processes, but also in determining what is the relative cost in
hardware to place each district into operation on a machine-assisted basis.
The minimum starting cost for hardware was found to be $15,000.
4.1.3	 Population Studies
Water demand can be divided basically into urban and agricultural
components. For estimating present water consumption, DWR utilizes popula-
tion data and water delivery data for service districts to arrive at a per
capita water use statistic. Over time, these statistics yield water
consumption trends which may then be usad to extrapolate future water
demand. This technique cannot be applied to agricultural water use because
population has no relevance. For purposes of urban water demand estimation,	 i
however, this procedure is proving quite useful, even though it has
limitations for some planning purposes because of the aggregated nature
of the data.
4.1.3.1 Urban Per Capita Water Demand Estimation
The method currently being used in estimating urban per capita water
use consists of a set of procedures which establishes a gallons-per capita-
per day (gpcd) figure for urban and industrial water uses in each water
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service district. The applicability of this method is limited to those
service districts where reliable population and delivery estimates are
available. Procedures employed by DIM are. 1) Annual Deliveries are
calculated; these include metered municipal and industrial use plus sys-
tem losses minus agricultural use and water sold to other utilities;
2)'Population for a given year is calculated by deriving, from census
data, persons per water service connection and/or persons per dwelling
unit, which is interpolated between census years and multiplied by the
number of water service accounts or dwelling units. Where census data
are not available, population estimates are provided by the water agency
itself. Therefore, annual wafer production in terms of gpcd is given
by the following equation:
gpcd = Annual Production (gal/yr) 	 1	 -
Population	 x days%yr.
Straightaway one,
 may see that the above procedure relies heavily on
population data and/or.deelling unit counts for accurate estimates. On
the whole, DIVR analysts feel that intercensal population estimates, which
are made by the State Department of Finance, cities themselves, and water
service districts on a "new connections" basis, are adequate for most
highly aggregated long-term projections. However, these analysts have
expressed a need for knowing where this population exists so that proper
estimates can be made in the context of DWR T s hydrological sub--unit
planning areas, as well as other arbitrary aggregation units. In order
to obtain such information, the spatial patterns of population must be
established, preferably through the use of remote sensing techniques.
4.1.3.2 Disaggregation of Population Using Remote Sensing
One study currently in progress addresses the need to analyze water
use on a per capita basis. This study demonstrates the combination of data
from the decennial census and high-altitude color infrared imagery. At
least one value of this combination of data is the amplification of its
geographic component. For example, it would be useful to show not only the
extent of each census tract, and its population aggregate, but the actual
area within each census tract that is occupied by various forms of land
use. The use of high speed computers and Teadily available software,
coupled with remotely sensed land use patterns, allows rapid and accurate
calculation of land area used versus land not used. In addition, the
enumeration of areas occupied by any of several land uses can be accomplished
efficiently and may be delivered in a per capital format.
Population density has been calculated by using a combination of census
data and imagery for a sample portion of the San Bernardino _rea -- which is
within the Santa Ana River Drainage Basin. The sample study involved the
interpretation of the areas of residential land use from high altitude CIR
imagery (Figure 4.3). The residential pattern for each census tract was
then converted into a computer-compatible format by digitizing the polygon
boundaries for residential and non-residential areas for the entire study
area. An automated mapping program (CHROMAP) was then used to produce both
	 !
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the map (Figure 4.4)-and the area calculations for each census tract,
and for each contiguous residential area within that tract. The residen-
tial area was then used instead of the census tract area to calculate
residential population density within that census tract.. The advantage
gained is that the actual az.ral location of water demand is now known.
The l.ocational per.capita data can be updated periodically by comparison
of the mapped patterns with more recent imagery to check for changes in
the residential.. pattern. Then, by applying density figures to changes
areas, a new population estimate can be made.
By making a few assumptions about population dynamics, one can
depict the changes in population for a small area in bath positive and
negative amounts. The first assumption is that the per dwelling unit
population density within a census tract will not change rapidly. The
second assumption is that the population is proportionately divided into
the residential land use polygons of a particular census tract. The
utility of these assumptions is that, by defining a density population
statistic:, the total population of any planning unit, (i.e. hydrologic
subunit, fire district, school district, etc..) can be obtained by summing
the population of all of the residential areas contained within that
planning unit. For residential areas which are split by planning area
boundaries the per capita density figure will reveal the expected number
of persons in that part of the residential unit occurring within the planning
area, -- information which can only be estimated relative to area. As an.
added benefit, intercensal population can be estimated by simply evaluating
an image of the area taken at the time in question and by applying the
old population density to the more recent polygon configuration. Care must
be taken to insure that areas which are no longer residential, or areas
of vacant housing, are subtracted and that new areas of residential land
use are added. (This can be done either manually or-with a computer
polygon overlay system.)
The unique element of this procedure is that it is sensitive to
population migration. In areas of doubt, ground truth is required to
determine the exact nature of the change wi.thir. a residential area.
4.1.4	 Special Investigations of Agricultural Land Use
4.1.4.1 Identification of Special Crops-Citrus
E	 `
i
s
In order to establish trends in water demand for agriculture it is
necessary to intensively study the trends associated with each crop type.
As a demonstration of the use of remote sensing for crop type trend analysis
in the Santa Ana river Basin, citrus was chosen because of its regionally
significant consumption of land and water resources. At present, citrus is
the most extensive single agricultural land use type in the Upper Santa Ana
River Fasin. It is also a perrenial crop and requires irrigation through
at least three seasons. In 1964 citrus occupied approximately one-third
of all producing crop land in the basin (50,000 acres; 20,236 hectares)
and required about 75,000 acre feet (9,255 hectare meters) annually of
irrigation water.
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Figure 4-3
	
Black-and-white reproduction made from a CIR original photo of
San Bernardino, California showing actual living areas as out-
lined in Figure 4 and overlayed on the 1970 census map. (NASA-
Ames U-2 photo November 8, 1974, 'nominal scale 1:130,000).
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Figure 4.A. Shaded computer map of living (residential) areas of
San Bernardino, California, showing the specific areas
of population as contrasted to population normall y dis-
played as covering entire census tracts.
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It has been speculated that the increase inurban activity in the
basin has led to a regional displacement of the citrus crop to the San
Joaquin Valley. Although it is visually apparent that citrus is being
preempted by urban and suburban land uses it is not so apparent that the
crop is leaving the region. In fact, citrus is moving from the
urban fringe areas into the plateau area in the vicinity of Lake Matthews
and into the low foothills and alluvial fans of the northeast slope of
the Santa Ana Mountains.
Projection of long-term water demand for the basin requires that
the citrus crop be monitored. The use of remote sensing techniques
is known-to be efficacious for surveying agricultural patterns. High alti-
tude image sources offer advantages of speed and accuracy as well as an
intensive and extensive view of land utilization. A comparison of imagery
at different times can show either an increase or decrease in any given
type of land use (e.g. citrus) and also the direction and rate of signifi-
cant migrations. Certain characteristics of citrus make it a particularly
easy form of land use to survey using high altitude imagery. A subtropical
tree crop, the evergreen citrus io easily distinguished from deciduous tree
crops during their dormant season. Certain climatic and soil requireiients
combine with economic factors to concentrate citrus in relatively
homogeneous areas. The regular shape of the citrus crown makes it
readily distinguishable from the two other subtropical crops with which
it could otherwise be confused, --- olives and avocados.
Temporal and spatial trend analysis of the citrus crop commenced with
the establishment of a base time period and a recent time period in which
changes could be detected. The time between the surveys needed to be long
enough to reflect the urban growth influence on a permanent crop. Black-
and-white photo mosaics of portions of Riverside (1959) and San Bernardino
(1961) Counties provided a base period at the time when urban sprawl was
beginning. NASA U-2 imagery at a scale of 1:130,000, flown on two dates
(October 16 and December 10, 1974) was used for a survey of the present
pattern. Areas of citrus were outlined on reference maps made from USGS
15' Quadrangles. Maps of the two time periods were then combined,
digitized and processed to obtain area statistics and establish a locational
base for future investigations. Imagery of the Ontario-Pomona area is
illustrated in Figure 4.5. Figure 4.6 is a final map showing the various
change patterns. The Ontario-Pomona area contains much urban fringe and
(as presumed) the map reveals a decrease. This decrease amounts to 8303
acres (3360 hectares) between 1959 and 1974. This procedure is presently
being carried out for the relevant areas of the entire basin. Table III
gives a statistical account of maps presently completed.
4.1.4.2 Estimation of the Inactive Field reriod
The presence of absence of irrigated agriculture in a partirW ar region
represents information which is very important in AWR water demand estima-
tion models. In Southern California, multiple cropping practices give rise
to a condition in which the use of a single sample to estimate irrigated
agricultural lands may lead to an erroneous estimate. Remote sensing, witl:
..	 its rapid inventorying and synoptic sampling characteristics, enables the
use of multiple samples. If these aerial samples are taken at selected
times throughout the year, a more accurate annual average of irrigated
I	 ^i 4-20
Figure 4.5.
	
	 Black-and-white photo of an original CIR image of the nntario-
Fontana area, California. The black fields in the upper raft show
the remaining citrus groves in Upland, California. The few
remaining citrus groves in Fontana are in the unner right high up
on the Cucamunga ran. ('NASA-Ames ?.i-2 photo November 8, 1974.
Nominal scale 1:130,000).
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Figure 4.6 . Shaded computer map showning the chanie in citrus production within the
Ontario- Fontana. California area.
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Table III
Citrus Area and Associated Changes
for completed Quadrangles
Quadrangle 959-total 1974-total Stable Increase Decrease'
ha. acre ha.	 acre ha. acre ha. acre ha. acre
Ontario 4945 12221 1595	 3942 1585 3918 10 24 3360 8303
Perris 496 1226 501	 1239 336 831 165 408 160 396
Banning 52 129 23	 58 2. 58 - - 29 71
Murrieta - - 18	 44 - 18 44 - -
Elsinore 265 653 494	 1220 168 414 326 806 97 239
Totals 5758 14229 2631	 6503 2112 5221 519 1282 3646 9009
Net loss = 3127 ha. (7727 acres)
Stable	 present in both 1959-61 and 1974
Increase - only present in 1974
Decrease = only present in 1959-61
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suffering from deterioration of their beaches. 	 The study of beach cusps,
which show up extremely well on high altitude imagery, may lead to a much
better understanding of the reasons idly some of the South coast beaches have
an overabundance of sand, while other beaches have been almost denuded of
d; sand.	 Thas study.is merely the initial step in a farther ranging and more
serious environmental'study.	 It has been suggested by researchers at
- Scripps - Oceanographic Institute (part of our University of California
system) that the major cause of beach erosion has been the damming of
upstream rivers for purposes of flood control thereby reducing the availa-
bility of new beach sands.	 Such damming may also constitute the reason why.
many of the coastal lagoons along the Ria shoreline * of Southern California
-• have died or are dying.
	 Therefore, two primary objectives of our study on
the relation of storage, damming, control and use of local and iNortedF._
water are Cl) to determine the impacts that deminuate coastal lagoons and
(2) to evaluate the far reaching environmental effects.
	 Any truly integrated
remote sensin
	 study of California ' s water resources should not overlook
these important considerations.
f^
4.2.2	 Malibu Corridor Traffic and Recreational Use Study
A
4.2.2.1	 Background
The established usefulness of U--2 imagery for land use-based studies
(cit. the Upper Santa Ana River Basin study) initiated an investigation
,. into the suitability of this imagery as an aid in the development of a
simulation model for the analysis of activity change in a coastal ar p:a.
- The purpose that was envisaged for this model is twofold:
	 first, by
selection of appropriate data retrievable from the imagery, a parameterized
° coastal interaction zone might be developed.
	 It is proposed that this model
include (but not necessarily be restricted to) land use aspects associated
} with areas devoted, respectively, to housing, commercial and industrial use,
transportation, and recreation.	 Secondly, from the land use data, analysis
of subsequent imagery, and other data sources, proposed activity changes
(e.g. specific land use, transportation corridors, recreation facilities)
might be analyzed to project possible impact within the established coastal
interaction zone.
r-
Prime concern in our efforts to analyze project feasibility has been
avoidance of duplication by governmental agencies and/or other grant or
,., contract activities within these or similar general stated objectives.
Although, literature survey and contact with several governmental agencies
within southern California revealed that there is activity in this general
area, in no instance was a remote sensing-based model for making a compre-
hensive study of changes in coastal zone activity either perceived or in
progress.	 Some related activity was found at different California
governmental levels or in conjunction with with the University of California
Sea Grant Program (NOAH Grant #USDC 04-- 3-158-- 22).	 Governmental interests
and activities include ongoing monitoring of coastal land development by
the California State Coastal Zone Commission; and a study by several agencies
of extra-community transportation user needs in the Los Angeles area along
California State Highway 1 (the Pacific Coast Highway).	 The specific
*Ria shoreline is defined as one formed by partial submergence of an area
which was previously dissected by subaerial erosion.
i
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agriculture, or conversely of inactive fields, can be obtained.
i
Research involving estimation of inactive fields is being directed
toward.: 1) defining the most appropriate time of year for overflights;
and 2) defining and evaluating interpretive signatures for higt altitude
and satellite imagery. A study area situation in the Perris-K)reno Valley
is presently being analyzed. The study area was chosen because of
representative mixes of various types of agriculture. Irrigated-inactive
field samples are being made from CIR high altitude U-2 imagery of:
(1) December 10, 1973; 2) March 14, 1974; 3) June 3, 1974; 4) October 16, 1974;
and 5) November 26, 1974.
4.2	 Studies in Remote Sensing of the Southern California Coastal
Environment
4.2.1	 Introduction
In our Annual Report of May, 1975 we proposed that a portion of our
research this year would consist of studies involving the coastal area
of southern California. Two a­,,as of study have evolved from this proposal:
1) studies relating to envirriimental impacts of human activity within the
coastal zone, and 2) studies, relating to the physical features of the
coastal zone which are being modified by human interference with the natural
processes.
The primary objective of the proposed research in the coastal areas has
been to seek out problems of concern to public agencies and then determine	 i
the extent to which remote sensing can provide data that will assist in the
solution of such problems.
As will be discussed in the next section the first study project under-
taken was requested by transportation planners of various public agencies in
southern California. The problem, which results from an abundance of human
activity in the Los Angeles basin, has been perceived by the residents of the
Malibu Coastline area as that of traffic congestion. Several phases of study
have been performed by various agencies at several levels of effort. One
phase that had not previously been investigated which constitutes an objec-
tive for part of our study is that of determining the extent to which remote
sensing facilitates the analysis of traffic congestion resulting from
recreational activity in an intensively used area. This phase of our study
used as a test site the Malibu corridor.
Some preliminary results of the study indicate that the problem of
traffic congestion in this particular area may not be a real as the residents
perceive, but this initial impression may be due to both the dates and the
times of day selected for the two imaging flights that have furnished us
with initial data.
,I
The second area of study, dealing with coastal processes, is just in
the planning phases. A minor study (the study plan for which is detailed in
the next section) is concerned with the morphology of beach cusps and ad-
dresses part of the major problem of beach sand erosion. Several communities	 i
in the south coast beach areas, especially Newport Beach and Oceanside, are
Is
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:relevant project within the Sea Grant Program is an effort to establish
a simulation model of coastal zone land use change, using the community
..
and environs of Santa Cruz, California as a test site. 	 This project,
however, is based on data sources other than remotely sensed imagery.
° Inquiries directed to involved governmental agencies proved our
proposal to be generally positive in relation to their requirements.
The need for a standardized data base was perceived as foremost in
F the coordination and integration of efforts at all levels. 	 For example,
perceived requirements by the California State Coastal Zone Commission
did not include any positive action, predictive impact methods. 	 Interest
was expressed only in determining what monitoring capabilities might reside
in available imagery for the detection of unauthorized coastal land devel-
opment.	 Although possible, this type of police action is not deemed
congruent with our active NASA-funded research efforts.
More definite interest was stated in proposed project capabilities
by the following agencies:
The California State Department of Transportation.(Caltrans)
The Southern California Association of Governments (SCAG)
The Los Angeles County Department of Roads
The City of Los Angeles Planning Department
The City of Santa. Monica Planning Department
A common objective of these agencies is to determine the basis of
perceived chronic traffic congestion along the Pacific Coast Highway from
the McClure Tunnel at the western terminus of the Santa Monica Freeway in
Santa Monica through the residential community of Malibu (the Malibu Corri-
dor), entitled "Routes 1 and 54 Transportation Study". Included is a
desire to determine the effect, as a contributor to this congestion, of
recreation activities at adjacent beaches in the area. The specific research
plan, developed by our UCR group in conjunction with these agencies entails
investigating and analyzing the impact of recreation and related transporta-
tion activity, based on available remote sensing imagery within the limits
of our study area. This proposal was readily endorsed by these various
agencies because they felt that this is an important part of the traffic
flow problem. In conjunction with this, efforts have been directed by our
UCR remote sensing scientists to beach use (available recreation area
acpacity as opposed to actual use) and correlated parking facility availa-
bility. The general approach entailed in our efforts to maximize the
usefulness of remote sensing in connection with this Malibu Corridor Traffic
and Recreational Use Study is as follows:
a. Establishment of individual beach morphology
1) water frontage
2) associated depth to parking access or roadways
b. Establishment of parking availability for each of
the defined beach areas
1) on-site private and public parking lots
2) free roadside parking
3) feeder street parking
c. Establishment of the number of beach users for particu-
lar beaches
1) nodes of activity
2) investigation of "under" and "over" used beaches
3) tablishment of beach personality
a) Number of users as a function of:
(1) beach area available
(2) number of vehicles noted in parking areas
d. Relation of observed densities to:
1) availability of facilities
a) lifeguard service
b) refreshment stands
c) rest rooms and bath houses
d) other amenities (e.g. bike paths, children's
play areas, fire pits and etc.)
2) proximity to heavily populated residential areas
3) perceived area traffic congestion problems.
Figure 4.7 illustrates the great potential of aerial photography in
satisfying several of the above-listed informational requirements.
4.2.2.2 Current Studies
Activity has centered on four phases of the transportation study:
1) on-site survey of the study area 2) completion of a locally-contracted,
low-level mission to establish ground truthing methods 3) analysis of the
summer season high level photography (NASA mission #75-144) and 4) commence-
ment of methods development and analysis. The on-site survey of the study area
was completed during the summer of 1975. Familiarization with beach location,
i
a
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facilities and recreation, adjacent traffic arteries, and economic
activities provided an insight to possible data to be interrupted from
the imagery. On-site activity also accompanied the low level air truth
mission. Efforts in conjunction with the.mission were directed toward
a license plate survey in selected parking areas to establish, possible
ethnic and economic level characteristics of various clusters of beach
users, and to obtain hand-held oblique photographic (35 millimeter slides)
of selected sites from favorable vantage points for use in connection with
projected beach user censuses. A selected beach site was again photographed
as above at the time of the summer season high level mission (NASA mission
#75-144) for the same purpose.
Preparation of vehicle license plate numbers for submission to the
California State Department of Motor Vehicles has been completed. Geo-
graphic origin (city or area) of beach users will be provided by this
department to establish the validity of ethnic or economic level composition
of different beach site users.
At present, efforts have centered on the development of methods
applications to a single test site within the study area. To date, experi-
mentation to develop site morphology from remotely sensed imagery is in
progress. ,
 Site morphology, including a lateral depth-water frontage beach
area ratio, will provide input for assessment of the ratio between available
beach area and used beach area. Several approaches are being considered.
The current approach is to work from a larger scale to a smaller scale:
that is, initial plotting from maps with subsequent plotting from maps with
subsequent plotting directly from imagery. The Santa Monica Beach test site
has been plotted from Los Angeles County Road Department maps of the Pacific
Coast Highway at a scale of 1:2,400. The maps provide a ready means for
establishing the political boundaries of the beaches, which coincide with
city and county limits. They are a method of establishing the landward
limits of each beach site. However, seaward limits, e.g. the strandline,
can only be realistically plotted from remotely sensed imagery. Overall,
both landward and seaward limits are easier to establish from remotely
sensed imagery.
Methods are being developed and tested for identifying clusters of
beach users and clusters of parked vehicles in order to ascertain number
of beach users per vehicle. At present, beach clusters are recorded as to
location on the beach and proximity to parking areas. Individual beach user
counts are made using a mylar grid overlay with cells equivalent to 100 feet
square. The adequacy of this procedure has not yet been proved. A silver-
masking photographic technique is to be tested for this purpose. If feasible,
future census counts will be made either by a color enhancement or a densito-
metric method.
The relation of observed densities to available facilities, proximity
to residential areas and the perceived traffic congestion problems, will be
investigated upon development and selection of adequate methods for the
above inputs. Project efforts are designed, then, to establish a method
based on remote sensing, for analyzing the rate of beach use and the potential
beach capacity, using the above-mentioned criteria. The specific requirements
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Figure 4.7	 7,pical clustering of beach users along the southern California coast. The scene
Is westward b each at the P t nume, California area. The clusterin g
 is attrihutahle
to several factors including age and tune of crowd, facilities, and available
free on--streat parking, The each caoacit y
 far exceeds the parking capacity.
( Western .Aerial Survev photo August 17, 1975 (Sunday . Scale 1:3,000
of the Routes 1 and 64 Transportation Study are being considered in this
study. In addition, the possible input of such remote sensing-derived data
into a coastal zone, activity change simulation model is being investi-
gated.
4.2.3	 Applications of Remote Sensing to Morphological Analysis of Beach
Cusps
The nature of sediment transport and erosion along the littoral zone
has been studied widely in the past. Few of these studies, however, offer
interpretive analysis of the geomorphic forms which are directly related
to the sediment transport processes. One such landform is the beach cusp.
The cusp is generally absent in most coastal geomorphology textbooks. The
rare cases of cusp discussion center principally on qualitative description
of form and shape. Reliable theory as to cusp origin is lacking and there
has been very little previous analysis of cusp morphometry. Consequently,
process cannot be linked accurately to form. Few valid statements con-
cerning the expectation of the many interrelated variables controlling
cusp shape and genesis have been brought forth in the literature. Remote
sensing may offer the tool necessary to locate beach cusps and to allow
varying degrees of inspection. Not only may high altitude photos portray
the orientation of the coastline at which they occur; in addition, other
appropriate scales of imagery may be found suitable for direct morphometric
measurements.
4.2.3.1 Study Area
Recent field check along the Southern California coast verified our
preliminary location of beach cusps based on our interpretation of remote
sensing imagery. Both scales of 1:32,500 and 1:130,000 clearly revealed cusp
location (Figure 4.8). Cusps are relatively isolated features, however,
and their strikingly symmetric appearance offers rapid and precise identi-
fication.
A variety of locations along coastal southern California revealed
cusp clusters. One of the most pronounced sections in terms of actual
numbers and development of the typical cusp form was along the southern
extreme of the Newport Beach split. There, form seems to be amplified
by the orthogonal compaction induced by the harbor jetty, an area which is
better known, especially to surfers, as "The Wedge". Because these forms
may be expected to be enhanced by the nature of the spit and jetty, they
serve perhaps as anomalitic forms , ,.yet they are well developed. Further
south along the coast, approximately 4 km. south of The WP:dge, another
longer yet less developed group of field cusps can be found. There appears
to be no direct outside influence"on this group so, through comparative analy-
sis of each section, we may gain insight into their form and find the causal
relationship of restrictive wave patterns. In addition, the above area is
used by local inhabitants and represents some of the finest stretch of beach
along the coast. It is only reasonable to study this area if any conclusions
as to the many controlling variables interacting to form the cusps may prove
essential in future attempts to preserve beach property. The area is
readily accessible to field survey.
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4.2.3.2 Experimental Design
As previously mentioned, there has been little attempt to determine
beach cusp origin. 'Thus, the study will be approached a posteriori, as
expected relationships between the many probable controlling factors are
tenuous. A priori modeling is fruitless at this stage as one must have
some expectation as to variable interrelationships before such an approach
is viable. A reasonable approach is one requiring that a variety of
morphometric parameters be measured in both fields. This will serve three
functions: 1) find the relation between each variable within one set of
cusps; 2) compare findings of one field to those of the other; and 3) because
coverage is complete in four seasonal time periods, comparison of form from
one season to another may reveal seasonal fluctuations and could supply
inference to wave controls, beech erosion and other environmental impacts.
The measurements will be of three types designed to determine geome-
tries of form, particle size distributions, and wave characteristics,
respectively. The following parameters listed in table IV are considered
desirable. Most of the measurements are possible from the 1:32,500 scale.
Of course an accurate determination of the degree of accuracy will necessi-
tate field check. A simple correlation matrix of the lab measurements
to the field check may prove helpful in expressing remote sensing applica-
bility especially in working with such finite objects. Smaller scales will
be utilized for general location, coastal orientation, and overall symmetry
(beach closure) about the cusp field. Any measure proving inherently too
difficult from remotely sensed imagery will have to be made in the field.
A variety of multi-variate statistical techniques may be implemented to
	 i
find the correlation between the above parameters. This will occur for the
values in one field, for the values between fields and perhaps, through
trend surface analysis and/or time series analysis, the correlation of
form and process on a seasonal basis may result. Working within a geomorpho--
logical framework, it is imperative tc analyze the findings with the
expectation that one must relate the results back to some reliable theory.
By such means, an attempt to separate the controlling factors from the
irrelevant and to establish a distinct set of variable interrelationships
inherent to cusp formation will be made.
4.2.3.3 Anticipated Results
The implications of the research just described are many. Principally,
the applicability of remote sensing to coastal geomorphic research is of
importance, but it is the relevancy of locating and studying small isolated
features not depicted on topographic maps that may establish the value of
remote sensing. Secondly, by analyzing cusp morphometry and cusp behavior
through time intervals, inferences as to cusp origin and destruction may
result. Because cusps axe erosional in nature, and do disrupt normal beach
appearance and profile, the more that is understood about cusp-related
features and the crucial variables controlling their being, the better will
be the changes of preserving valuable beach property. This is of particular
importance at such a beach as Newpoet and no doubt will pertain to coastal
areas in general.
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OSx Figure 4.8.	 Black and I%Mite photo of original CIR Image of the southern California coast line
south of Newport Beach, California and north of Laguna Beac.1 showing the extreme
cusping of the beach sands. ( IlASA-Ames V-2 photo August 14, 1975. 'nominal photo
scale 1:7,8601 from original scale of 1:32,5no)
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L- length
D- depth
41- width
s.w.s.- side wall slope
b.w.s.- hack wall slope
f.s. = floor slope
C.C.- cusp closure
v.- volume
Particle Distribution
p.s.b.s.- mean particle size backslope
	
p.s.b.s.- "	 "	 "	 sideslopa
	
p.s.c.- "	 " center
	
c.s.p.s.= "	 "	 "	 cro a-section
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n	 +r	 plan
[-lave Relationships
d.m.h.t.h.- distance from mean high tide to horn
h.h.m.h.t.- horn height above mean high tide
h.w.= horn width	 w.h.- wave height
h.s.- horn slope	 w.p.= wave period	 3
d.c.c.- distance from cusp centers 	 w.a.a., wave approach angle
c.l.o.- coast line orientation
Table IV
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4.3	 FUTURE STUDIES
The Riverside Campus Group plans to bring to a conclusion the
current studies of water demand of the Santa Ana River Basin in the
comir; year and to increase research in three areas: 1) the application
of LANDSAT data to water demand, 2) the_ application of remote. sensing
in the redesign of population versus water demand relationships, and
3) the conduct of further studies of the coastal environment.
4.3.1	 Water Demand Studies
Having completed the detailed (second level of classification) iden-
tification of land use as the primary driver in the water dema:,d model for
the Upper Santa Ana River Drainage Basin we have now quesLioned the
Department of Water Resources (DWR) on the necessity for such fine detail.
The DWR has indicated that perhaps their water demand forecasts could be
predicted from knowing only three first level classifications of land use
(i.e. those applied to uV'U n lands, irrigated lands, and irrigatable lands,
respectively). However, this theory needs to be researched and tested.
The significance of such a reduced level of classification is that it
can probably be obtained from satellite (LANDSAT) imagery. In addition,
the use of the three-part classification creates another investigative
problem with urban lands, because the DWR is switching over to determining
urban water demands by means of per capita water consumption. the population
data, however, are not furnished as frequently as desired, nor in the same
sub-units as have been established by the DWR. A new requirement now exists
to determine the ability of remote sensing to provide inter-census data and
to provide information as to the areal distribution of the census data.
'Therefore, two specific studies concerned with water demand have evolved.
4.3.1.1 Application of LANDSAT data to water demand
Utilizing the detailed land use data derived from high altitude
aircraft imagery, we will compare the ability of LANDSAT to provide urban
and irrigated land use defined to 4 hectare.(10 acre) parcel size utilizing
a map scale of 1:62 , 500 as the base map. 	 comparison with water demand data,
will be made in order to establish the difference in the cost-benefit of the
two systems.
It is proposed that the Riverside campus study the_use of remote sensin g
correlationand reparce3ing of census and inter-census data to ain the 	 _
variety of user defined planning units.
4.3.2	 Studies of the Coastal Environment Using Remote Sensing
In our first six months of investigation of the southern California
coastal area to determine areas where remote sensing research can be of aid
to public agencies in solving environmental problems, we find two categories
of problems. The first category deals with problems created by human inter-
action (i.e. land use allocations, traffic distribut'luns, etc.). The second
category deals with the physical change resulting from human activity inter-
ferring with the processes of nature. We propose our research for next year
in the coastal environment continue in these two categories as follows:
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4.3.2.1 Assistance to public Agencies in Land Use & Transportation Planning
As indicated in the preceding reports we have found several government
agencies at various overlapping levels obtaining data sampled at time
intervals of up to ten years. Remote sensing has been used sparingly by
each of the agencies who cooperate in sharing their data. The Southern
California Association of Governments (SCAG) has been instrumental in
coordinating the interaction between agencies in various land use and
transportation planning problems. SCAG transport nI- ion plaT,rzng officials
are interested in having research conducted to show which of the various
categories of planning data can be obtained to a common t?rto base at the
best cost-benefit ratio.
It is proposed that the Riverside Cam us Group investigate the suita-
bility of remotely sensed imagery to aid in the develo pment of a coastal	 !
zone activity change simulation model. The purpose of the model would be
twofold. First, by selection of appropriate data retrievable from the
imagery, a parameterized coastal interaction zone could be developed. It
is proposed that this model include (but not necessarily be restricted to)
land use aspects of: housing patterns, commercial and industrial groupings,
transportation and recreation.
Second, from land use data, analysis of subsequent imagery, and other
data sources, proposed activity changes (e.g. specific land use, transpor-
tation corridors, recreational facilities) can be analyzed to project
possible impact within the established coastal interaction zone.
4.3.2.2 Studies of the Changes in the Natural Coastal Environment
For many years the natural environment of the southern California
coastline has been altered as a result of human attempts to protect living	 !
areas. Ruch of the activity has been in relation to upstream flood
control. Some activity j.as been to conserve the diminished supply
of beach sands. Until recently, however, little concern was given to
preserving the ecology of areas such as lagoons and marshes. Data are
needed on the current status of the coastal environment, before planners
can make efforts to preserve the diminishing coastal resources. Remote
sensing can provide a cost effective means of obtaining these data as well 	 1
as an ability to determine the dynamic changes caused by seasonal variations.
It is proposed that the Riverside Campus group conduct remote sensing
investigations of the southern California coastal environment to determine 	 i
the current status and toanalyze the effects of change on the natural
environment _1a order to aid public agencies in develo in methods of
protecting and/or preserving the remaining natural resources. Examples of
specific studies are ou " fined below:
4.3.2.2.1 Coastal Lagoon and Marsh Study
The Ria coast of southern California from Newport to San Diego, is
marked not by uplifted beach terraces, not by sharply-incised valleys
which have been filled with sediment as a consequence of the Holocene
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r`	 (post-glacial) eus'tatic rise in sea level. I4here these rivers meet
the ocean, the cliffed shoreline opens into a broad flat, usually
fronted by a sandy beach with a lagoon behind it. Varying rates of
	 a
discharge from the streams cause some of the beaches to be breached,
	
i
others to fully impound the stream's flow.
_	 These marsh- -lagoon areas, highly active biological environments,
are seriously affected by coastal land use. Sedimentation, pollution,
and beach erosion can be stimulated by changes iTi neighboring land use,
and these processes can be permanently changed by direct development,
such as dredging, filling, channeling and other "reclamation" activities.
Structural features of coastal marshes and lagoons are clearly
visible on CIR imagery even at typical U-2 scales. Remote sensing of
these areas will make possible an inventory of this valuable tideland
environment, and evaluation of the present level of disruption due to
man's activities. Higher resolution imagery (i . e, image scales between
1:10,00 and 1:30,000) should be investigated for properties of vegetation
distinction as well as for providing a basis for more detailed geomor-
phic analysis. A high level of information extraction might also be
possible using photo-enhancement techniques such as density-slicing or
custom-tailored filter packs.
4.3.2.2.2 The Surf-zone: Beach Sand Movement and Changing Beach Morphology
Inte .asive development of the southern California coastline has had
a profound effect on the "sediment budgets" of the beaches. Groins,
jetties, seawalls, marinas, harbors, and flood control projects all influ-
ence local beach morphology and the movement of beach sand.
Many beach forms, especially rhythmic features such as cusps, are
clearly visible in remotely sensed images.
	 These forms, especially when
viewed with moderate water penetration to show sub-surface turbidity, can
tell much about near-shore coastal currents and allow the interpreter to
map sediment movement along natural coastlines and around man-made barriers.
Knowledge of sediment movement is valuable for the planning and
management of safe marinas and harbors, as well as being useful for planning
of recreational beach uses.
	 In addition, remote sensing offers the most
practical way to monitor seasonal changes in the beach sediment system,
and to identify areas that are exceptionally vulnerable to storm-wave
erosion, a major cause	 ,f damage to beach front property.
4.3.2.2 . 3 Environmental Studies Utilizing Thermal Infrared Imagery
The acquisition of a thermal infrared scanner has added a new dimen-
sion in sensors available on a continuing basis to environmental studies
in California.	 The power plant operation problems, the refinery problems
^- and the automobile freeway problems Call of which constitute environmental
pollution concerns) are responsive in a very different way, when imaged
by a thermal scanner.
	 The thermal effects of these hear emitters may lead
to a better understanding of their effects on the environment.
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CHAPTER 5
SOCIO-ECONOMIC ISSUES IN WATER RESOURCE
MANAGEMENT
Co-Investigators: Ida R. Hoos, Berkeley Campus
Contributor:
	
James M. Sharp
5.0	 INTRODUCTION
The present philosophy of openness in the administration in Sacra-
mento is reflected in the management of California's water resources.
It is in this climate of candor that controversial decisions in their
many dimensions are subjected to scrutiny. Matters heretofore skirted
as being too sensitive politically for discussion and, therefore,
shelved for strategic reasons are now receiving attention. Public par-
ticipation is no longer arho forma exercise; it is actively solicited.
Governor Edmund G. Brown, Jr., Claim: T. Dedrick, the Secretary for
Resources, and Ronald B. Robie, Director of Water Resources, as well as
their associates, practice a type of management style that challenges old
assumptions, critically examines facts and figures long regarded as sancro-
sanct, and earnestly seeks to expose alternative decision paths with a
realistic awareness that they are actually complicating the decision-
making process.
Not unexpectedly, the socio-economic aspects of water management are
coming to the fare and are much more clearly visible than previously.
Some of t!-;s emphasis can be attributed to recent federal legislation
reguirir,- environmental impact assessment, broadly conceived to encompass
the soci,i environment. This emphasis may in turn be a reflection of a
general state of awareness on the part of the public. Nonetheless, how-
ever derived, California's explicit concern that due consideration be
accorded all pertinent factors in water decisions is clearly discernible
and intrinsic to official policy, as reflected in a statement, drawn from
a recent report, that acknowledges that many of the decisions soon to be 1
made "could affect the future lifestyles and well-being of our , citizens."
Thanks to excellent working relations with the California Department
of Water Resources and the State Water Resources Control Board, as well
as with some of the federal agencies involved in California water management,
1 California Department of Water Resources, Water Action Plan, A Program
for Revision of the Water Management Element of the California Water
Plan, September, 1975, P. 7•
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members of the Social Sciences Group have been permitted to sit in on
key meetings so as to observe at first hand how issues are addressed and
plans assessed. Officials of the various agencies, departments, and
divisions have given generously of their time for personal interviews and
have supplied us with data, records, and other valuable source material.
This high level of cooperation comes about because of the express
interest on the part of the State in helping us gain a broader and deeper
comprehension of their concerns so that ultimately our research effort
will be available and useful to them. This mutually supportive relation-
ship is consistent with NASA's public service orientation, especially its
specific mission relating to facil i tating decision-making processes
through utilization of advanced techniques for the acquisition of infor-
mation. It is also consonant with the way in which the University of
California construes its service obligation as research arm of the State.
The first section of this report w.111. review the Department of
Water Resources' new water action plan. The second section of the report
will consider the functional relationships between water and other basic
resources--land, energy, and the like. Here, the total socio-economic
force field is involved, and in a time frame that embraces present and
future. The state of the economy and the economy of the state are germane
in this connection, since growth policies, land utilization, energy
sources, and quality of life desiderata are all inextricably interwoven
in the complex and paradoxical pattern of being both cause and consequence
of water decisions. A related part of this section will deal with the
jurisdictional relationships among the various agencies responsible for
resource management at the state level and those existing between State
and Federal levels. It is at this point that there occur some of the most
difficult and perplexing problems besetting the management of water. The
next section will be devoted to the ways in which environmental impact is
assessed. Along with a report on techniques currently used, there will
be a detailed review of a number of instances of citizen participation,
which is now a mandatory element of the assessment process. The final
section of the report will present the forward look--our plans and prospects
for the coming year.
	
5.1	 THE NEW WATER ACTION PLAN
It may be noted at the outset that the prevailing philosophy of open-
ness, in legitimating acknowledgement of controversy, has not contributed
to facile solutions. (quite the contrary. Reality is not simple, and the
expediency that has dictated strategic avoidance of politically sensitive
issues has, in the past, encouraged a proliferation of sterile, plastic-
bound studies that failed to embrace the often baffling socio-economic
implications of water policy. Anticipating publicatiwn in the summer of
1977 of the bulletin, "The Water Management {clement of the.California
Water Plan," the DWR is in the process of pondering various water manage-
ment actions and in so doing appears to be shifting emphasis from its
role as developer to that of manager. The new plan, as set forth in
September 1975, 2 stresses the flexibility called for by changing social
and environmental goals, conservation, and better utilization of existing
supplies. The features to be included in the two-year plan are intended
to accomplish the following3
(1) Provide the basis for administration policy concerning alloca-
tions of water supplies and priorities for expenditure
of funds by federal, state, and local governments for water
utilization, conservation, and development.
(2) identify and evaluate problems of water supply, demand, and
quality and those flood damage problems which can be corrected
as part of water supply solutions.
(3) Provide for greater consideration of fish, wildlife, recreation,
and related instream water needs, including preservation of
riparian habitats.
(4) Identify and evaluate alternative solutions to specific problems.
(5) Provide a basis for the fully coordinated operation of the Central
Valley Project and the State Water Project.
(b) Develop bases for assigning responsibility for maintenance of
Delta water quality requirements.
(7) Recommend courses of action with regard to individual issues and
problems.
Intrinsic in the program outlined above are four basic study el,=ents:I.._
	
	 (1) water conservation; (2) Ardal studies; (3) :rater Project operation
studies; (4) the State Water Project, Under (1) conservation methods,
practices, and devices will be investigated, with a myriad of possible
measures evaluated. Suggested are improved agricultural practices, modern-
ization of water distribution systems, revision of building codes, analyses
1
	
	 of industrial and agricultural water uses, and effects of pricing on water
use. Ultimately, there will emerge from this effort identification of
possible methods of water conservation, with an assessment of the rp o's
and con's of each, specification of locations, typical r.nd general, of
potential applications, calculations of possible savings in water, and
estimation of likely means, costs, and impacts cf implementation. included
2 California Department of Water Resources, " Water Action Plan, A Program
for the Revision of the Dater Management dement of the California'
Water Plan," September, 1975.
tj
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in the latter category are effects on local water demand and supply,
water quality, waste disposal, the environment, and the economy.
The main emphasis during the ongoing two-year period is on the
areal studies, for here'the task is to reappraise water demand and supply
estimates, consonant with projected population levels, municipal and
agricultural needs, water quality and environmental exigencies, updated
water-pricing policies, and improved irrigation methods and conservation
practices.
Interesting to note, a base element for each of the areal studies will
be the population, land use, and water demand projections presented in the
DWR's Bulletin No. 160-74, "The California Water Plan--Outlook In 1974",
and discussed in our Semi-Annual Progress Report of 31 {December 1974.
Modifications are anticipated to include an array of inputs of both socio-
economic and technological significance. As examples of the typically
socio-economic, we find reference to land-use planning, water pricing
practices, social impacts of water and energy conservation measures, and
the possible reduction in water demand brought about through change in
crop patterns. Consistent with its goal of achieving a unified plan--
one that embraces the management and the quality elements--the DWR
coordinates its activities with the State Water Resources Control Board
and its 9 regions, which, under the Porter-Cologne Act of 1969, has just
completed water quality control plans for California's 16 major hydrologic
basins. Their recommendations regarding environmental protection, fish
and wildlife preservation, recreation requirements, and water quality
standards are to be incorporated into the revisions of water allocations.
Reflecting again the intent of the admii,<<tration to keep the public informed
of crucial decisions, the new calculations regarding water allocations
will be discussed with affected local interests and the Advisory Panel4
with modification made where necessary. Especially important from the
hydrological point of view are the results of reevaluating risks of
dry-year recurrence and the varying water deficiency criteria.
In each area study, issues specific to the region will be given par-
ticular attention by the district offices. For the Trinity River area,
for example, instream and transbasin diversion requirements of that division
of the Central Valley Project will be reassessed. The ravages of timber
harvesting malpractices in the Upper Trinity River watershed, and the
consequent sedimentation problems, will be appraised and restoration pro-
cedures instituted. The Central district presents unique characteristics.
Water service areas within the Russian River Basin derive their supplies
from ground water, from local surface water developments such as the
Lake Mendocino Project (U.S. Army Corps of Engineers), and from the Upper
Eel River Basin by way of Pacific Gas and Electric Company's power diver-
sions. With PG & E's license for this project up for renewal by the
i
4The eight-member California Water Advisory Panel is also referred to later.
See footnote 25.
;i
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Federal Power Commission, under scrutiny is the appropriate level of
diversions to the Russian River when instream requirements of the Upper
Eel River are under consideration. Management of the Russian River area
is further complicated by vulnerability to floods, especially in the
vicinity c' Guerneville.
As to the Southwestern Sacramento Valley (the Central and Northern
Districts), there seems to be a need for updating of essential data
having to do with land use, crouping patterns, unit water use, and economic
development criteria, since Indications are that the federal water pricing
policies and payment capacity estimates of ten years ago are no longer
pertinent. The Southeastern Sacramento Valley, due to be served by the
Folsom-South unit of the Central Valley Project, faces continued fall of
water tables because of the pumping of ground water for industrial ) muni-
cipal, and agricultural uses, It is in this latter category that
requirements are siated for reappraisal, attention to be directed to pro-
jections of demand buildup, especially in view of likely rises in the
price of federal reclamation water.
In the East Side San Joaquin Valley, the mining of ground water,
with the consequent lowering of water tables and, at the same tame, rising
pumping costs and energy consumption, is a major concern. Because of con-
solidation of aquifers and increased concentration of salts in lower water
volumes, land subsidence is a severe threat. In view of the current and
increasing overdrafting of ground water supplies, various alternative
plans will be considered. importation of water via canals and more
stringent conservation efforts are among them and will be appraisers, there
having been taken into account a revised scenario for water requirements
as limited supp l ies and environmental, social, and economic desiderata
are realistically taken into account. It is in this San Joaquin District
that issues related to the New Melones project must be resolved. Under
California Water Rights Decision 1422, stored water In the New Melones
Reservoir may be used for Stanislaus River instream purposes, such as
fisheries, wildlife, recreation, and maintenance of water quality. Decision
1422 restricts utilization of storage to that water necessary for temporary
flood flow retention use and, for similar purposes, to augment river
flows. This restriction was designed to protect upstream river values and
was to remain in effect until such time as a need for agricultural or
municipal water supplies in an associated area will have been firmly
established.
In October, 1975, in a case titled United States v. California,
United States District Court Judge Thomas MacBride handed down a decision
that virtually undermines Decision 1422 and, moreover, is likely to have
profound effect on the entire spectrum of water resources management in
California. The litigation devolved on the question of whether the U.S.
Bureau of Reclamation, in operating its projects, is required to meet the
same standards and rules applicable to the DWR and to private Individuals.
Judge MacBride ruled that the federal agencies are not required to comply
with the conditions in State Water Resources Control Board Water Rights
Decision No. 1422. Although the lawsuit was over the New Melones, the
ra
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4	 decision is likely to affect matters related to tha Delta as well as to
all U.S. Bureau of Reclamation rights permits and licenses. If the
decision were, as it might, to place on the State Water Project the
full responsibility of meeting water quality criteria in the Delta, the
ability of the Project to meet its full contractual commitments would be
jeopardized. In other of the areas mentioned as under study, 1 e.,those
which have relationship to Bureau of Reclamation projects, similar
problems might be created. There is a range of issues intrinsic to the
management of California's water resources that may be seriously affected
if Judge MacBride's ruling is upheld. The implications are far-reaching.
Drainage problems are especially prevalent in the studies in the West
Side San Joaquin Valley, where disposal of agricultural waste waters is
a central concern. Due to soil conditions, saline return flows are
trapped near the ground surface and ultimately could so reduce potential
for healthy agricultural crops that this area of fertile farmland could
be ruined. The South Bay-Central Coast Area faces realistic reassessment
of its supply and demand situation. At present relying on ground water
with some importation, the region may need to re-examine earlier projec-
tions as to population growth and agricultural expansion. Here, as
in other districts, quantities and timing of need for water deliveries
might be found to be sensitive and responsive to revised water pricing
policies and more determined conservation and reuse measures.
Maldistribution, poor quality of local surface water, and deterioration
of ground water quality are items high on the agenda of the Southern
District (San Luis Obispo and Santa Barbara Counties). One of the basic 	 3
questions raised in this as in the other areas has to do with the economic,,
social, and environmental implications of not meeting water demands as 	 j
projected earlier. The South Coastal Area is probably supplied with suf-
ficient water until the year 2000, but if recent population and industrial
development forecasts are reliable, it could benefit from better
water management practices, e.g. greater utilization of reclaimed water,
more effective use of ground water, water exchanges, and reduction in
demand through conservation. for the Owens-Mono District attention will be
given to the economic and environmental aspects of water exportation.
In addition to the individual section studies, the DWR is inquiring
into policies and operational theory underlying the State's major water
systems, viz., the State Water Project and the Central Valley Project.
In coordination with studies being conducted by the Bureau of Reclamation,
the DWR plans (a) to develop estimates of water yield; (b) to locate addi-
tional water exchange possibilities between project systems; (c) to devise
methods for more utilization of ground water when surface water supplies
are deficient; (d) to run various sensitivity analyses to ascertain phy-
sical opportunities and socio-economic and environmental effects of 	 2
changing project operational criteria with different balances among project
purposes, the objective being an enhancement of instream water values;
and (e) to calculate the degree of risk associated with modifying tradi-
tional deficiency norms for project operation during critical dry periods.
iy
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The hydrologic evaluations thus accomplished are seen as an essential
^.
input for several of the State's most pressing water management pro-
blems:	 0) the Peripheral Canal and other ways of meeting the Delta's
and export requirements and (2) definition of the need for, and timing of,
supplemental yield facilities for the State Water Project.
L.
In brief review of all
	 the areal studies,
	 some of which are already
under way and in various stages of completion, and of the overall operational
and policy review,
	 it may be observed that there is considerable emphasis
- on current, valid, up-to--date information.
	 Also noteworthy throughout
are examples of the very aspects of water management that have
continued to be the focus of research by the Social Sciences Group since
the inception of the University of California Remote Sensing Project.
Outstanding among these are the functional
	 relationships between water
and other resources; water as a factor in and as affected by growth
and development in the society; jurisdictional
	 and bureaucratic relation-
ships and the way in which they impinge on water management; water in its
relationship to the total environment and as assessed through environmental
impact studies; decisions regarding water and the processes by which
public participation
	 is	 invoked.
	
In virtually all
	 of these aspects,	 the
potential	 for effectively employing remote sensing
	 is tremendous.
5.2	 WATER MANAGEMENT INTERRELATIONSHIPS
A review of current issues within California's primary water manage-
s..: ment agency is incomplete without describing how DWR concerns relate to
those of other resource management agencies. 	 Water policy decisions, as
r " emphasized in our May 1975 progress report, are not simply the fruit of
1 some well--pruned "decision tree". 	 Instead,	 the water policy decision
environment more closely resembles an unruly "bramble patch", 	 thoroughly
intertwined with networks of	 overlapping	 jurisdictions.	 Untangling and
separating the various	 influences on water management decisions 	 into
meaningful	 categories	 is a	 thorny problem at best.	 Nevertheless,	 in this
section we attempt to delineate some of the main functional and jurisdic^
tional	 areas that affect water management decision-making in California.
As already mentioned,	 the DWR appears to be shifting emphasis from a
I.osture of resource developer to that of resource mangier.	 This metamor-
j phosis has significant	 implication ,  for an	 information-rich technology like
remote sensing.	 Although both development and management functions
require	 information regarding costs, environmental 	 impacts, and so forth,
the management function,	 in particular,	 requires	 information of a continuous
and periodic nature for monitoring the performance of a resource management
system.
	
Accurate and timely monitoring becomes all	 the more important
when one is trying to stretch a given resource over more users 	 (e.q. water
conservation), or to measure negative side effects of stretching that
resource too far	 (e.g.,	 pollution,	 salt water	 intrusion, subsidence).
Satellite remote sensing technology, in combination with airborne and
ground--based sensors,	 is already capable of augmenting substantially the
repetitive information needed to monitor and manage many aspects of
California's water and water--related resources.
^	 f	 `
Realization of specific remote sensing applications, as reiterated
in numerous conferences, symposia, and special reports, is complicated
by the diffuse nature of the "user community". Unlike a technological
development that serves a well-defined group of users (e.,;L , the jet	 i
engine), remote sensing satellites are characterized by an extreme diversity
of applications and potential users. The applications, moreover,
often require that remote sensing information be used in conjunction
with other information sources, such as ground-based sensors. Economists
sometimes refer to such multiple-source arrangements as "joint products";
i.e., product A and product B mutually enhance the utility of the other.
Extending this concept one step further, many remote sensing applications
might be described as serving "joint consumers", where, for example,
remotely-sensed agricultural inventory information might have value for
a variety of agency jurisdictions ranging from agricultural land use to
water demand forecasting.
New technologies, history teaches us, normally develop from simple
to more complex configurations. The development of remote sensing tech-
nology is proceeding in this pattern. More and more remote sensing appli-
cations are involving multiple .users, uses, and sources of data. This makes
it especially worthwhile to study the functional and jurisdictional "bramble
patch" associated with the community of users in question.
To map thoroughly the bureaucratic undergrowth surrounding California's
water management community is a virtually impossible task. For one reason,
the water management environment is too extensive: boundaries and general-
izations must be created to reduce the task to manageable proportions. For
another reason, the environment is too dynamic: even if a complete pic-
ture could be developed, it would soon be out of date. In the limited
scope dictated by this progress report, the best we can hope to do is rough-
ly to scan this territory while taking note of significant relationships
and apparent trends.
Imagine that the length and breadth of our conceptual bramble patch
represent water, water-related resources, and their uses. Within the
patch's depth are concealed the various layers of public and private
organizations that manage or exploit the basic resources. That portion of
the patch growing from the water resource stem is particularly gnarled
and overgrown. Long tendrils representing the traditional "economic"
water uses (irrigation, industrial and domestic supplies, etc.) intermingle
with in-stream and conjunctive uses. Young, rapidly-growing shoots repre-
senting water quality and water conservation concerns seem to appear almost
everywhere. Water-related resources--energy and land especially--
intertwine with the extensive water brambles. Among the inhabitants of
this tangle are our familiar water management agencies: the DWR, State
Water Resources Control Board, the U.S. Army Corps of Engineers, Bureau of
Declamation, regional and local water agencies, and so forth. Other
resource management agencies also live there: the U.S. Environmental Pro-
tection Agency, Bureau of Outdoor Recreation, Department of Agriculture,
Department of Interior, Energy Research and Development Administration, the
State Department of Fish and Game, Department of Food and Agriculture, the
new Energy Resources Conservation and Development Commission, and many more.
^R^DUCIBI:I^"^ t_)I^ LIi:;	
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Obviously, biological analogies have their limits when used to
describe socio-economic processes. An important limitation is that of
developmental predictability. The life cycles of most common biological
networks, including bramble patches, are generally well understood and
predictable. This is not so in human society. We have no established
methodology for confidently predicting future socio-political climatic
conditions, much less how they would affect resource bramble patches and
their inhabitants. It is difficult enough to agree on the effects of
past social changes or whether there .have been any major changes at all!
Once again, interpretation difficulties are the result of the enormous
extent of social landscape and the huge volume of simultaneous and often
conflicting events.
It is nevertheless a worthwhile exercise regularly to monitor the
cacophony within resource bramble patches and fluctuations in the surrounding
socio-political weather. Every so often, clear signals may emerge from
the noise. Water resource management in California, we think most percep-
tive monitors would agree, is being profoundly influenced by major changes
in the larger social environment. The orientation toward growth and
expansion of water resource facilities, prevalent in the 1940's and
1950's, appears to be undergoing modification as the result of new percep-
tions developed in the 1960's and 1970's. We can identify at least three
such major changes:
(1) An awareness of new publics
(Z) An awareness of negative environmental side effects
(3) An awareness of resource constraints.
The first two of these changes have already generated a mountain of federal
and state legislation concerning .,,!al justice and environmental protection.
As will be seen shortly, the two .},,earns are officially integrated into
environmental impact review proce —.n, which require public participation.
The third major change is only now beginning to affect resource management
organizations, public and private, at local, national, and international
levels. The UWR's forthcoming Water Action Plan, described previously,
is one example of a public agency's response to a heighLened awareness
of limited resources.
In the remainder of this section we examine water management interrela-
tionships within three resource areas: water, energy, and land. Recent
activities in selected agencies help illustrate how the above-mentioned
cnanges are being translated into policy. in the water area, we discuss an
old agency in the process of assuming a new role; in the energy area we
describe a new agency attempting to establish itself; and in the land area
we discuss a proposed state land-use agency.
The federal role in water resources management has traditionally
emphasized the planning and development of those resources. This has created
an interesting kind of duality, at least from the point of view of federal
agencies. All water resource developments, whether they are dams or
irrigation facilities, are speculative ventures. One can never be positive
that the project will work as planned. Also, the projects are usually
very costly, much more than most local governmental agencies can afford.
Thus, the federal government often becomes the project guarantor because
it is able to spread the risk across many projects and areas. The other
side of the duality appears at the local level: the true beneficiaries
of the project are almost exclusively local in origin. As a result, they
usually have difficulty in developing a national consensus for what they
wish Lo do. This "national risk-local beneficiary" duality, according
to David J. Allee S , has had the effect of (1) emphasizing congressional
adjudication at the expense of state or federal executive agency involve-
ment, (2) encouraging strong local offices in federal agencias like the
Soil Conservation Service and the Corps of Engineers, and (3) insuring
an unstable planning process where a national consensus on what ought to
be done has to be renegotiated annually in Washington.
Nationally, the accumulated effects of this local federal agency
advocacy and bargaining process have been a growing backlog of authorized
but unfunded water resources projects. Secretary of Interior Rogers
Morton, in his address before the National Conference on Water, held
22-24 April 1975, described the present backlog of Corps of Engineers
and Bureau of Reclamation projects as $20 billion and $7 billion, respec-
tively. This year, annual federal investments in water resources pro-
jects are about $6.2 billion, with an emphasis on water quality.
The existence of a large backlog of federally-approved water projects
has stimulated efforts to develop a priority system for financing and
construction. In '.974 Congress passed the Water Resources Development
Act, directing the President to make a study of water resources develop-
ment principles and standards. The Water Resources Council is also working
to develop criteria for more equitable evaluation and selection of pro-
jects. At the regional level, the search for more comprehensive criteria
and development priorities has stimulated the many viater basin planning
efforts. California's State Water Resources Contro' Board completed
approval in August of 16 basin plans. The plans are the result of a 31-
year planning effort to designate beneficial uses for California's
water resources and to set water quality objectives to protect those waters.
It remains to be seen, however, just how much success comprehensive basin
planning efforts will have in altering traditional methods of project
promotion and development. The national risk-local beneficiary dualism
problem is unlikely to disappear even if local sponsors are required to
submit projects in correspondence with new regional plans. The Social
Sciences Group plans to continue watching with interest basin planning and
water resources project implementation efforts in California.
5 uav;d J. Allee, "The Changing Role of the Water Resource Planner," in The
Grass Roots and Water Resources Management, State of Washington Water
Research Center, Washington State University, Report No. 10, 1972. Dr.
Allee is professor of Resource Economics, New York State College of
Agriculture and Life Sciences.
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One apparent result of the federal awakening to the inequities and
inefficiencies of earlier water resources planning efforts is a gradual
extension of Washington's authority into the local planning affairs and
jurisdiction. We have already discussed some of the implications of the
October 1975 decision regarding the Bureau of Reclamation's authority
over New Melones Reservoir water. The implications stemming from the
U.S. Army Corps of Engineers' new regulations in connection with Section
404 of the 1972 Federal Water Pollution Control Amendments may be even more
far-reaching.
San Bruno, just south of San Francisco, was one of the four places
in the nation where the Corps elected to hold hearings on its Section
404 "Interim Final" Regulations. There, on 12 September 1975, Corps
officials held forth-for some eight hours explaining the regulations and
entertaining testimony from around 50 speakers. The new regulations por-
tend to have a tremen,:ious and far-reaching impact on the management of
water resources and, the whole spectrum of related matters,etc., land
use, forestry practices, irrigation, recreation, environmental preservation,
etc. It has been interesting to note, at the hearings, the approval of
conservationist associations, who look to the Army Corps as protectors of
wetlands, the dismay of cattle dealers and forestry industrialists who
anticipate more stringent regulations, and outright opposition from
some western states, jealous of their rights and resentful of rrn,^re
"federal bureaucratic intervention", their scenario for the future.
Under its original jurisdiction (1899) the Corps confined its permit
activities to "navigable waters of the United States". The accepted
definition was those waters navigable at present, navigable in the past,
and those which could reasonably be developed to become navigable.In
April I974, the Corps published its revised regulations concerning Section
404 of the 1972 FWPCA amendments. The Corps regulations were challenged
by environmental groups, notably the National Resource Defense Council, as
being too narrow an interpretation of Section 404. In March 197', a
decision by the U.S. District Court of the District of Columbia (NRDC
v. Callaway, et al.) greatly expanded the responsibility of the U.S.
Army Corps of Engineers to include disposal of dredged and fill material
to "the waters of the United States". This more inclusive term, never
defined by Congress or the courts, was spelled out by the Environmental
Protection Agency in regulations controlling its discharge program under
the Federal Act. "Waters of the United States" are now construed as:
(a) all navigable waters of the U.S. and their tributaries;
(b) all interstate waters;
(c) all lakes, rivers, and streams within a state which are used by
interstate travelers for recreation and other purposes, those from
which fish are taken and sold in interstate commerce, or those
which are used by industries engaged in interstate commerce,
including agriculture.
The new regulations will expand the Corps' authority over United States
water resources both laterally and longitudinally. They are to be imple-
mented gradually in three phases. Phase 1, effective 25 July 1975, extended
the existing permit procedures applicable to traditional "navigable waters
of the United States" to include contiguous and adjacent wetlands. The
Corps considers this primarily a lateral expansion of authority. Phase
	 G
11, effective 1 July 1976, will add primary tributaries and lakes greater
than five acres in area. Phase Ili begins a year later and extends Corps
authority to other "navigable wafters" up to the headwaters, where stream-
flows are five cubic feet per second.
Realizing that administration of these new provisions is liable to
prove a difficult and expensive task, the Corps has pledged to give the
states as much initiative in the permit approval process as the law per-
mits. Again, it will be most interesting to observe how changes in federal
water resources guidelines will affect decisions at state and local levels.
The Social Sciences Group intends to watch future events in this area very
carefully.
All three of our above-mentioned "major changes" come into play to
some degree in the current emphasis on comprehensive basin planning and in
the Corps of Engineers' new responsibilities. The third major change--
awareness of resource constraints--appears to be making its strongest impact
on water management in the area 6of water-energy relationships. Table 4
in the DWR's Bulletin No. 132-6 , titled "Annual Project Energy Requirements
for Pumping", shows the net energy expected to be required (energy required
for pumping minus energy generated at power plants) by the California
Aqueduct on periodic bases through the year 2035. Energy generation in
the Aqueduct is now roughly 20 percent of the energy required for pumping.
This ratio is expected to rise to around 27 percent by 1985. Net energy
requirements, now approximately 3.2 billion kilowatt-hours, are expected
to rise about 74 percent to 5.5 billion kilowatt-hours in 1985. (Net energy
requirements for the whole State Water Project will be about 500 billion
kilowatt-hours higher). The great unknown in these projections is the future
price at which the DVR will be able to purchase power.
Most power resources to operate the State Water Project are now provided
by an energy consortium called the California Suppliers. The group consists
of Pacific Gas and Electric Company, Southern California Edison Company, the
Los Angeles Department of Water and rower, and San Diego Gas and Electric
Company. The DWR completed negotiations on its basic power supply and
transmission contracts with the California Suppliers around nine years ago,
long before OPEC became a household word with global implications. Energy
rates for the State Water Project are due to be renegotiated in 1978 and
become effective in 1983.
Fortunately, the DWR has man/ options to explore before it finds itself
overwhelmed by a postponed energy crisis. The developing Water Action Plan
will explore possibilities for various pricing policies, water conservation
measures, and institutional arrangements, all of which can offer ways of
reducing water and energy requirements. Agriculture is one example of an
6 California Department of Water , Resources, Bulletin No. 132-75, The Cali-
fornia State Water Project in 1975, June 1975.
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area where the DWR might effect significant energy savings. Currently,
irrigated agriculture uses about 85 percent of the water delivered by the
State. Acc7ording to figures presented at a recent conference of water
and energy , it is well within current technological capability to
achieve an overall reduction of 10 to 20 percent in the annual energy con-
sumed to generate agricultural water supplies. Potential reductions are
much greater, around 50 percent for certain crops. Barriers to achieving
this savings potential are mainly sociopolitical and not technological.
Among the means for reducing energy requirements for irrigation are (1)
reducing water application, (2) increasing pumping efficiencies, (3) reusing
irrigation runoff, (4) reducing peak water demands, and (5) improving irri-
gation system design. Similar improvements, well within current technical
capabilities, are possible for also reducing energy consumption in muni-
cipal and industrial water uses. Remote sensing is proving its worth
with respect to these various means as detailed elsewhere in this report.
Perhaps one encouraging aspect about the new awareness of resource
scarcity is that it reveals with unusual 	 clarity some fundamental 	 relation-
ships between the supply of basic resources and the environment. 	 Energy,
for example,	 is derived from two principal	 sources: either the stock of
hydrocarbon and uranium deposits embedded in th^ earth, or the flow of
solar energy intercepted by the earth. 	 Several other sources of energy exist
- (etc., hydroelectric and geothermal power) but they are relatively minor
items	 in the global energy budget.	 Environmental	 stresses can be reduced
by shifting from energy stocks to energy flows, or by living off "energy
income" rather than the global 	 capital endowment.	 Economist Nicholas
Georgescu-Roegen emphasizes that environmental degradation must be measured
j. not only8 in terms of pollution but in terms of depletion of stock resources
as well.	 Water, an essential 	 el,:rnent of all	 biological	 and most economic
E.rocesses,	 is an especially significant and vulnerable part of the environ-
ment.
	
The efficiency and care with which water and related resources are.
used c,.,, profoundly affect environmental quality. 	 Mechanized agriculture,
with	 its heavy pesticide,	 fertilizer, and water	 requirements, epitomizes
an economic activity with a high environmental	 price both	 in terms of
pollution and nonrenewable resource depletion.
Formal acknowledgement of water-energy interrelationships within Cali°
fornia government took place in the 7 November 1975 regular meeting of the
California Water Commission. There ; Dr. Richard L. Maullin, Chairman of
the newly-creates Energy Resource Conservation and Development Commission
briefed the water commissioners on the ERCDC`s responsibilities and plans
7 Darrell G. Watts, "Agricultural Water Supply", in Nebraska Water Resources
Research institute, The Role of Water in the Energy_ Crisis, Proceedings of
a Conference, 23-24 October 1973, Linclon, Nebraska, pp. 114-127.
8Nicholas Georgescu--Roegen, "Energy and Economic Myths", Southern Economic
Journal, 41, January 1975.
Ifor the future. Maullin described DWR and ERCDC mutual interests in the
following areas:
(1) forecasting energy requirements for irrigation
(2) determining the amount of water needed for power plant cooling
(3) forecasting the energy Froduced from hydroelectric power
(4) cooperating in a planning role to help determine how best to
use and conserve water and parer supplies.
ERCDC began operations on 17 March 1975, following the Governor's appoint-
ment of five full-time energy commissioners. The commission's responsibilities
are spelled out in AB 1575, authored by Assemblyman Charles Warren in 1974.
Major areas of jurisdiction include power plant facilities siting, fore-
casts and assessments of energy needs, energy conservaticn, environmental
and social impacts of utility operations, and energy research and develop-
ment. The commission has already acquired about 40 percent of its staff,
expected to beabout270next year. The commission's funding is provided by a
surcharge levied on the retail sale of electricity
Although the energy commission is still in its formative stages, it
possesses sufficient powers eventually to have a major impact on the
water-energy and land-use environment of California. One impetus behind
the commission's creation was the concern of the AB 1575 supporters that
the existing Public Utilities Commission had become overly sympathetic to
the desires of utility companies. Thus, ERCDC will gradually relieve the
PUC of its power-plant siting responsibilities. The energy commission has
also made inroads into PUC authority In the area of electrical pricing
authority. By June 1976, ERCDC will have established for PUC review new
policies covering rate restructuring, peak-load pricing, and curtailment
of certain electrical uses. The energy commission's potential to affect
land uses stems from its powers to establish construction standards and
to freeze development in certain areas. Whether a special purpose agency
like ERCDC could or should become a de facto statewide land-use planning
agency are questions for serious consideration. In any case, the Social
Sciences Group anticipates that this new agency will be playing a much
greater role in many aspects of problems regarding California's resources.
It should come as no surprise that linkages between ene rgy and land
resources also imply land and water linkages.
One of the basic truisms in resource management is that whatever 	 j
you do to land influences water 9nd, at the same time, whatever you
do to water influences land use.
i
9 William R. Walker (Director, Virginia Water Resources Research Center,
Blacksburg, Va.), "Integrated State Land and Water Policy: Complements
and Conflicts", in Virginia Polytechnic Institute and State University
and Virginia Water Resources Research Center, Land-Use Issues, Proceed-
ings of a Conference, Publication 629, November 1974,
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This observation is especially appropriate to California Water
management ri ght now. As can be seen from the foregoing sketche_ of
geographic, operational, and policy areas of concern, the emphasis is
on water in the present and future framework of its functional relation-
ships. Perhaps nowhere is the web more tangled and complicated than In
that part of it which ties water to land-use planning.
What are the major problems and issues to which State land use,
resources management, and environmental quality leg ;8lation should be
addressed? Studies by a California land task force 	 included the following:
'.	 Coordinating State level planning which affects land use and
environmental quality, egg „ the California Transportation flan,
the coastal plan, the Tahoe plan, the water plan, planning for
energy, air and water quality, resources conservation and recovery.
2.	 The conflicti between growth, resource preservation and conser-
vation, and quality of life, conflicts which are so evident in
our urban fringe areas; specifically:
a. Air pollution continues to cause severe damage to humans
and crops.
b. Our store of natural resources dwindles rapidly, unable
to keep up with ever growing demands.
C.	 Farmland continues -o be converted to urban uses, seemingly
without thought for the future needs of the State.
t
3. The need to maintain a healthy economy, provide necessary housing,
and assure liveable and viable urban areas while conserving
resources and protecting the environment.
Sub,r-bs expand across vacant lands, older downtown areas are
rapidly declining while at the same time, the housing shortage--
especially for people of low and moderate income--increases.
4. The ever-increasing costs of the systems which serve our needs--
energy, water, waste, transportation, public services.
5. The multiplicity of special and general purpose governments in
the state, particularly in the major urban areas, resulting in not
only problems of coordinative planning and the provisions o`
services; but also in a compler. and unworkable system cf con-
flicting controls, standards, regulations, procedures, and permits.
lO The land Use legislation Task Force was formed following a land-use con-
ference in February 1975 and consists of a diverse group of administra-
tors, environmentalists, and planners. The group helped :n the drafting
of 2'berg's Ala 2422, the six major objectives of which are described
on the next page.
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6.	 The special cooperative planning attention, management and pro-
tection necessary for unique, fragile, and critical environmental
areas of the State.
Along with New York State, in its establishment of a special agency
to protect the Adirondacks, California leads the nation in implementing
measures designed to protect the environment. Assembly Bill No. 2422,
introduced in the California Legislature on June 25, 1975 by the late
Assemblyman Edwin L. Z'berg, is now referred ,.o as the State Land Use and
Resources Management Planning Act of 1976. Its major objectives, as set
forth by the Assembly Committee on Resources, l Yand Use, and Energy, under
its Chairman, Charles Warren, are as follows.
(a) to develop and establish coordinated and comprehensive State
land use, resources management, and environmental quality goals,
objectives, and policies to guide planning and programs of all
levels of government;
(b) to develop a comprehensive State land use and resources management
plan, and regional plans for major metropolitan and special areas.
(c) to coordinate the planning of State agencies to assure consistency
with the State plan; resolve conflicts between the State plan and
plans and programs at all levels of government;
(d) to interrelate environmental and energy standards with land use
and resources management plans;
(e) to assure coordination and consistency between plans and programs
of all levels of government to achieve optimum levels of environ-
mental quality considering economic, social, and energy needs
and impacts;
(f) to assure adequate protection and management of critical resources
and areas.
As with the recent establishment of the California citizens' coastal
commission, Governor Brown has indicated deep concern with the rightful
responsibility of local government in land-use planning. A statement
about his position on that occasion applies equally we]1 here: "He clearly
recognizes the complexity of the problems and passions created by any
effort to balance private equity and the health of the local economy with
the public's right to a wise over-all use of the land." lz Reference to the
accompanying organization charts indicates the many linkages, explicit and
implicit, between water and land use and environment. only time and experience
will tell whether and the extent to which this commendable effort will over-
come the inherent difficulties in land-use planning. Comprehensive plans
are usually too broad and vague to serve as working guidelines; local plans
11 Committee statement accompan y in g notice of hearings, September 26, 1975.
12Editorial, "Gains for Land Use," The New York Times, November 21, 1975.
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are generally likely to reflect the shortrange, immediate, and often
"isolationist" interests of a community. Thus, the current state of the
economy in some places or alarm over excessive immigration In others have
been seen to influence land-use decisions. Public participation is
sought, but people tend to polarize around certain controversial issues
and the same old power struggle prevails. Despite its theoretical appeal,
"the public interest" is far from a homogeneous, unanimous expression; there
are many publics. Their interests diverge, but they often coalesce In
unlikely ways, depending on the particular matter under consideration.
The numerous instances where environmental impact assessments are being
challenged as selective, biased, inadequate, and so on attest to the fact
that in such complex ina;ters as these, there is no one indisputable and
immutably right position.
When one considers the elements of a truly thoroughgoing and
comprehensive land-use plan, one can understand both the difficulty of
capturing adequately all the necessary inputs and the multiplicity of occa-
sions for legitimate dispute. Some of the following have been suggested:
existing land uses; growth trends; natural site characteristics; popu-
lation densities and movement; economic factors; labor market situation;
flood control measures; transportation facilities and modes; land area and
types required for agriculture, forestry, industry, and transportation;
quantity, quality, and price of water and energy. Comprehensive decision-
making in the land-use area thus resembles, and indeed often includes,
decisions regarding water resources. In both instances, decision-makers
must be prepared to tread their way through a veritable wilderness of
intertwined functional and jurisdictional brambles'.
S.3	 ENVIRONMENTAL ASSESSMENT AND PUBLIC PARTICIPATION
Planning processes traditionally have been concerned with the conse-
quences of alternative decisions. Only recently, however, has preoccupation
with environmental impacts become an integral part of most plans that affect
the public domain. Why is this so? Part of the reason is legislative. The
National Environmental Protection Act of 1969 (NEPA), and the avalanche of
court decisions that followed in its wake, fundamentally affected the
activities of most federal agencies. Its primary purpose is to encourage
full disclosure of the environmental consequences of proposed major federal
acti ,xis, thus alerting the government and public to the environmental
risks involved. NEPA spawned and is still spawning a host of offspring in
state and local governments across the nation. The California Environmental
Quality Act (CEQA), enacted in 1970, is the oldest and one of the most
extensive of the state programs.
Viewed in a larger context, NEPA, CEQA, and other environmental quality
legistation can be seen as a natural manife-Cation of the three major
changes in awareness identified earlier. Awareness of new publics, negative
environmental effects, and resource constraints, moreover, can be viewed in
an even larger context as components in a developing systemic view of the
world. Resource inputs (now recognized as subject to severe constraints)
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are transformed through man's economic processes to outputs (many of which
are now recognized as environmentally detrimental). The outputs in turn
affect reci rents or publics (now recognized as being far more manifold
than ear rer •&nceptions.)
Even though all three elements are incorporated to some degree in
existing environmental quality legislation, continued evolution of the
environmental assessment process appears likely. We speculate that forth-
coming modifications will include at least the following:
(1) A gradual recognition that the inputs as well as the outputs of
economic processes contribute to environmental duality problems.
(2) A continued expansion of requirements concerning environmental
impact statements, bringing them into closer parity with tech-
nology assessment studies.
(3) A continued exploration of ways in which meaningfully to encourage
public participation in the planning process.
The first trend was mentioned earlier in context with water-energy rela-
tionships. Given the relative newness of the environmental awareness
phenomenon, it is not surprising that its theoretical underpinnings are
still undergoing considerable change. The establishment of links between
biological and Economic processes using universal physifil principles
exemplifies how such underpinnings can be strengthened.
The second apparent trend promises to make the already complex environ-
mental impact reporting process all the more inclusive. From the outset,
many people minimized the implications of the new environmental legislation.
There was a natural tendency to regard the EQ (environmental quality) objec-
tives as an addendum to entrenched NED (national economic development)
objectives. Some organizations, notably the Water Resources Council, seem to
have at least equated EQ and NED objectives:14
Plans for the use of the Nation's water and land resources will
be directed to improvement in the quality of life through contri-
butions to objectives of national economic development and
environmental quality...
However, the sequence of changes since NEPA was enacted suggests something
more fundamental is occurring than a simple restructuring of institutional
objectives. Decisions of many types, particularly those involving the use
13 Georgescu-Roegen, loc. cit.
14 WaterResources Council, "Principles and Standards for Planning Water and
Related Land Resources", Federal Register, September 10, 1973.
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of scarce resources, are being subjected to more comprehensive forms of
- evaluation.
	
Environmental	 impact reports, in other words, appear to
be expanding to resemble more closely 	 technological	 assessmpnt studies.
Cynical observers might attribute this trend to obstructionist tactics
of environmental zealots or to the newly-vested interests of EIR consul-
tants.	 Yet one should be cautious about allowing too narrow an inter-
pretation of events to obscure what otherwise might actually be a genuine
_. cultural
	
reorientation	 in philosophy toward the environment. 	 Distin-
guishing clear signals amid the social 	 noise is seldom an easy task.
Technology assessment methodology itself has undergone considerable
change and controversy as 	 it has evolved over the last decade.	 In our
last progress report, technology assessment was revealed as an "eclectic
amalgam of techniques derived mainly from operations research and systems
analysis and, therefore, basking in a borrowed glory because of their
prestigious heritage in defense and space management." 15	Most of the
discipline's applications have centered on narrowly-construed problems
in military, public works, or business domains. 	 All	 too often weighty
conclusions are supported on a fragiie base of deceptively ; p recise benefit-
cost calculations.	 The failure of :iuch studies	 to	 inquire about wider
social	 costs and benefits and their incidence on various publics some-
times	 leads to unfortunate effects, 	 including popular backlashes against
engineers,	 scientists,	 and	 public officials.
Experience with the earlier generation of technology assessment efforts
has, prompted some of the more perceptive students of technology introduc-
tion problems to reconsider their analytical approaches. 	 A more mature
approach appears to be emerging. 	 For one thing, the assumptions underlying
the discipline are becoming more explicit. 	 Dr. J.F.	 Coates, a member ?f
.he Office of Technology Assessment, outlines six basic assumptions: I
•	 Technology assessment is a policy tool.
Technology assessment is likely to be iterative and part of an
interlocking set of studies.
°	 New technological knowledge creates new ignorance.
°	 A major policy need is the organization of certainty and uncer-
tainty to define effective strategies and tactics for managing
any particular technology.
v°	 151da R. Hoos, Special Study No. 5: "Utilization and Assessment of Remote
Senising Data',' Annual Progress Report. under NASA Grant NGL 05-003 -4o4,
Spai:e Sciences Laboratory, University of California, Berkeley, 1 Ma
y
 1975,
pp, 9 -56 - 9-57.
16 JosephF. Coates, "Some Methods and Techniques for Comprehensive Impact
`s	 Assessment", Technological Forecasting_and Social Change, b, (1974), P . 341•
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s°	 More information and analysis, rather than less, promotes
better decisions.
In the long range, indirect and unanticipated effects of a
technology are often more significant than the immediate or
planned consequences.
Secondly, there is a growing appreciation of the interrelated nature of
public policy issues. Local and national problems concerning energy,
diminishing resources, and pollution of air, water, and soil intertwine
with global crises concerning armaments, food, population, and capital
formation. A third shift con ,..erns disenchantment with traditional quan-
tifications:
"Unhappy clashes with aroused groups of ecologists have proved
that when a dam is being proposed, kingfishers may have as much
political clout as kilowatts. How do you apply cost-benefit
analysis to kingfishers? ... In the long run the entire Cartesian
assumption (that there are med:.urable and incom,::: .curable quan-
tities) must be abandoned for recognition that quantity is only
one of the qualities and that all decisions, including the
quantitative,are Inherently qualitative."17
Finally, there has been a realization that search for a single method for
carrying out assessments has been misguided:
"The broad category of systems analysis is likely to be the cen-
tral theme In any assessment. But there is no general method,
methodology, or technique yet developed for conducting a tech-
nology assessment."1$
If nothing else, continuing maturation of the technological assessment
approach has produced a new humility regarding the interaction of techno-
logy and the complex systems that encompass man, society, and the environ-
ment. Increasingly, technological assessment is viewed as a Means of
obtaining some insight about the application of tecnnology to some elements
of such systems. Comprehensiveness is impossible; routinized approaches
to different problems are unrealistic. A well-conceived technological
assessment may overcome the obvious limitations of a narrowly-defined EIR
stidy or an overly-precise benefit-cost analysis, but it too will have
limitations. Nonetheless, an improved understanding of various technologies
and their effect on complex systems is necessary to avoid in the future many
of the problems and mistakes of the past. While recognizing their imperfec-
tions, we have little rhoicc but to attempt assessments of technology.
17 Lyr;n White, Jr., "Technology Assessment from the Stance of a Medieval His-
torian", Technological Forecasting and Social Change, 6, (1974), P. 360. j
18M.J. Cetron and B. Bartocha (eds.), Technology Assessment in a d namic
Environment. t;ordon and Breach, New York, 1973, P . 285.
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Changes in attitudes toward public participation accompany the other
apparent trends in the environmental assessment process. NEPA, conceived
primarily to promote better articulation of trade-offs between economic
and environmental factors in environmental decision-making, does not
deal specifically with the public partici pation issue. Subsequent policy
statements and local legislation have generally been responsible for
interjecting public participation concerns into the environmental and
resources management areas. The Wate r [,?sources Council, in its "Principles
and Standards for Planning Water and Related Land Resources" of 1973,
deals directly with public participation issues. The document acknow-
ledges the importance of soliciting public opinion early in the planning
process and of maintaining open public communication channels throughout.
The WRC efforts are among those canonized as part of Environmental Pro-
tection Agency rules governing public participation in water resources
decision-making.19
Terminology is an important key to understanding what is meant by
"public participation". Obviously, two terms are involved here. "Public"
has several generally accepted meanings, ranging from "everybody" to un-
structured associations of individuals with certain interests in common.
An Army Corps of Engineers document divides the "effective publics"--
i.e., action bodies--of water resources decision-makers into interested
organized rg oups and interested individuals . 20 Among the groups identified
are conservation and environmental groups, sportsman groups, civic organi-
zations and service clubs, and E rofessional organizations. "Participation",
the second critical concept, also has a range of meanings, extending from
"cards and letters" advice to actual involvement in plan development. The
Corps of En^^ineers, for example, describes public participation as a
continuous two-way communication process designed to: (1) promote full
public understanding, (2) keep the public fully informed, and (3) active-
ly to	 solicit opinions, perceptions, and needs front all concerned citi-
zens.21
19Adam Clarke Davis, Jill Anderson, and Richard T. Gough, Alternative
Information and interaction Approaches to Public Participa ion-Jn Water
3	 Resources Decision Making 	 A State of the Arts Report
	
{dater Resources
!	 Research institute of North Carolina, April 1975, p. 4.
20 Charles W. Dahigren, Public Participation in Water Resources Planning:
^.	 A Multi-Media Course, Professional Development Paper 72-1, Institute for
Water Resources, Department of the Army, Corps of Engineers, April 1972.
21 B.H. Dodge, "Achieving Public involvement in Corps of Engineers Water
i	 Resources Planning", Water Resources Bulletin, June 1973, p. 448.
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A recent review of public parci.;Ipation in 45 water resources pro-
jects showed that the public hearing was by far the most frequently
used technique for involving the public in decision-making processes.22
Other approaches included task forces, committees, advisory boards,
workshops, newsletters, surveys, and various combinations of these tech-
niques. Although some of these methods encourage greater public involve-
ment, they usually mean a corresponding increase in agency time, money,
and personnel costs. In addition, experimentation with different par-
ticipation processes is often inhibited by legal requirements that
public hearings be held.
Limitations of the public hearing process are well known: notifi-
cation of the hearing's time and place, domination of the proceedings
by vested interests and agency experts, limited opportunity for informed
involvement by interested individuals, and so forth. Public apathy is
another barrier often encountered in the public hearing process. The
problem of encouraging meaningful involvement often splits into two
subproblems: first, how to arouse citizen concern, and second, how to
organize that concern. In nearly all public participation processes
the number of involved people will be a minuscule percentage of the
total possible public. Also, there is the problem of evaluation. Public
participation activities are notoriously difficult to evaluate. Simple
quantification of the number of speakers and their -amments is rarely
sufficient to evaluate a process that may produce results extending over
many years.
Observation over the past year of numerous public hearings--mostly
related to water resources agencies-- has demonstrated to us that Cali-
fornia agencies are not exempt from the usual set of difficulties
that afflict public participation processes. In addition to the fore-
going limitations, we have noticed a tendency for the hearing publics
to polarize into two camps consisting of "land users" (those who control
the land for agriculture, industry, or development purposes) and "non-
land user:" (those who exercise little or no direct control over the
land). This polarity has been documented elsewhere. 23 Nationally, the
ratio between non-land users and land users has been estimated at 9 to
1. The non-land user group has tended to become the one which ini-
tiated the request for land-use planning and regulation, while the land
user group is often identified as trying to channel efforts away from
planning and regulation into programs incorporating economic incentive.
22 Davis, et al., M. cit., P. iv.
23William H. Schmidtman, "The Role of the Concerned Citizen", in The
Grass Roots and Water Resources Management, U. cit., p. 143.
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Despite the generous supply of problems relating to public hearings
and participation, we have noticed some encouraging signs possibly reflect-
ing the changing nature of water resources management in California. One
example concerns the Army Corps hearings concerning Section 404 regulations.
There, the State of California went on record along with non-land user
i
,
	
	groups as generally supporting the Corps proposal5. 24 This was in direct
contrast to testimony from public officials representing western states
_	 (Washington, Oregon, Utah, and Arizona) as well as those representing state
+
	
	 agencies at a companion hearing in Omaha, Nebraska. Another example con-
cerns the planning process employed by the California DWR in developing its
Water Action Plan. We have already described how the new plan is being
built on a base of public testimony from an iterated series of area-specific
hearings held throughout the state. Equally important, it seems to us, is
the Department's recognition and implementation of means other than the
public hearing for gathering knowledgeable inputs to its planning processes.
A splendid example of this has been the creation of the California Water
Advisory Panel, an informalroup of eight distinguished members represent-
ing diverse points of view. 2^ Other special panels and workshops are
planned in the future.
As detailed elsewhere in this report, remote sensing is potentially one
of the best means of presenting, to either an advisory panel or to those
attending a public hearing an unbiased view of the land and water resources of
an area and of explaining proposed action with respect to these resources.
5 . 11	 CONCLUSIONS AND FUTURE PLANS
The foregoing sections have surveyed the current socio-economic
landscape of water resource management issues, especially as they per
tain to California. A great many changes in the resources management
domain are becoming evident, some of them fostered by the favorable
climate of candor in Sacramento. Several streams of awareness born in
the 1960's and the early 1970'5 --of multiple publics, of negative environ-
mental effects, and of resource constraints--appear to be converging
on a national and global scale. In California and elsewhere, this
convergence often means that old assumptions are now exposed to chal-
lenge. With respect to water resources management in California, we
think several early results of this phenomenon can be identified:
(1) A changing emphasis from resource development to resource management.
24 Testimonyof tarry E. Moss, Deputy Secretary for the Resources Agency,
State of California, Hearings re Corps of Engineers Permits for
Activities in Navigable Waters or Ocean Waters, San Bruno, California,
12 September 1975, pp. 2-5-34.
25 Members of the panel are: Messrs. Harvey O. Banks, William E. Warne,
and William R. Gianelli, former Directors of the Department of Water
Resources; Ms. Mary Ann Eriksen, Southern California Representative of
the Sierra C",u,); Mr. Tom Graff, Regional Counsel for the Environmental
Defense Fund; Mr. Bill Press, Executive Director of the Planting and
Conservation League; Dr. Tim Wallace, Director of the Department-of
Food and Agriculture; and Ms. Versia Metcalf, International Represen-
tative of the United Auto Workers.
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(2) An increasing emphasis on comprehensiveness in water resources
planning, including;
(a) An attempt to increase meaningful public participation;
(b) An attempt to relate to other functional areas;	 t
(c) An attempt to integrate more effectively with other juris-
dictional areas, P
(3) A growing appreciation of the need for anticipating and assessing
the environmental effects of new projects, programs, and poll-
cies, coupled with a growing awareness: of the inherent lim.-
tations of environmental assessment studies.
Wlthin -the.framework of assessing the ultimate usefulness of remote
sensing technology to water ree ource management, the Social Sciences
Group will continue to study the pertinent issues, policies and metho-
dologies. It is already clear that certain issues will continue to
demand attention. Some are specific to regions, such as protection of 	 '.
the Delta. Here, three of the basic research interests. reported pre-
1	 th's r	 rt ill redom t n =I-	 viz	 federal-state 'urisdictions
Ci
V ous y i nepo	 w	 p	 .,	 .,	 J
over water, environmental impact as a social assessment process, and
what constitutes bona fide public,participation in. this process.
Some of the i-.sues have to do with policy and in this respect the
state-federal relationship will be of paramount importance. During the
past year we have witnessed the drafting of a memorandum of understanding
between the State Department . of Water Resources, the State Water Resources
Control Board, and the U.S ' .Bureau of Reclamation. The proposal was
intended to clarify, stipulate, and thus eliminate the conflicts as to
procedures for coordination of water rights,..environmental impact state-
ment review, and federal project authorization. The State maintains
an official stance of willing cooperation This was clearly indicated
at the September 1975 hearings held by the U.S. Army Corps of Engineers.
During the coming months, the Social Sciences Group will direct
some of its research effort.to the socio-economic ramifications of .the
Army Corps' increase in authority. These promise to be.considerable;
as is alr eady e videnced in the effects of their activities is-a-vis
inland waterways. According to a report released on 26 November 1975
by the General Accounting Office, the Corps has favored a policy of
expansion of the system. Costs of development and maintenance, close
to $3 billion, have been borne by taxing the general public. Neither
commercial nor recreational traffic has been required to pay fees that
=_A
j C
would help recover some of the construction costs... If there were a
user charge, passed along from barge carriers to shippers or receivers,
there is the likelihood of diversion to other traffic modes, with
potential energy.savings anticipated. As with changes in California
water pricing policy, a shift here could signifi:ca ,ntly alter. user pat-
terns. There are, moreover, environmental considerations that ~right,
if given due regard discourage further development of the inland
waterway system,unacceptable amounts of:damage having been attributed
to commercial use.	 i.	 y
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Consistent with our plan to study federal-state interactions, we
<< can foresee that the expanded responsibility of the Corps will create
many sitt!ations of vital concern to the citizens of California with
respect to their water resources.	 We can reasonably predict that there
may be a pressing need for new models of public planning.
Having already reviewed considerable testimony gathered at public
hearings, we can discern the polarizations that seem to occur.
	 There
are the jurisdictional struggles between the Federal, State; and local
levels.
	 There is also dissonance between private interests and the
public good..	 We deem it important to assess realisticall y both the
inputs and outcomes of.citizen participation..
	 It becomes increasingly
important to consider alternative methods and strategies for public
resource management.
	 While technology assessment is an important
J; step, and cost-effectiveness calculation a valuable tool, there is the
i1 larger framework into which they must be integrated.
l	 ( A model which offers promise has been developed. for resolving-
disputes over such matters as offshore oil drilling, river basin deve-
lopment, strip mining, and location of power plants.
	 Using mediation
procedures sim ilar to those used in labor disputes, the Office of Envi-
ronmental Mediation at the University of Washington in Seattle achieved
successful mediation of a 15-year controversy, highlighted by bitter
confrontations, over plans to build a dam on the Snoqualmie River In
the Pacific Northwest.
	 The problems are classic in their characteristics
and epic In proportion.
	 The Valley, always subject to flooding, had
in 1959 experienced one which was particularly devastating.
	 Land along
is three forks of the river was inundated; two towns were heavily damaged
' and crops in the fertile farmland of the lower Valley washed away.
	 By
1960,. 	 the Army,Corps of Engineers had begun drafting.plans . for a dam
and the battle lines were drawn.
	 Conflicting interests followed custom-
s
ary	 lines, with support coming from developers desiring a flood-pro-
tected valley and farmers welcoming protection against the annual
	
inun-
dat .ions.	 Opposition carne from conservationists and even urban dwellers
who valued wilderness areas and who feared that the dam would bring
suburban bl ight to the area.	 Resolution came about through an innovative
use of mediation techniques derived from labor-management experience.
{ Seven months of sensitive negotiations led to decisions acceptable to
the diverse interests.	 It is our intent to investigate the utility of
applying this model of decision-making to some of California's present
and future water management decisions.
As we review the various methodologies for technology 	 assessment
and environmental impact, we plan to continue our exploration of the
! activities.and.decision processes that. interface with water resources
management:	 This sort of peripheral' vision is essential
	 if we are to
discover and assess how remote sensing technology can be employed to
enhance the decision environments of resource management agencies.
	 As
I.y mentioned earlier,. it i s combinat 7 ons of.users,:uses, and deta.sourees 	 =
that will produce many of the future remote sensing applications.
	 In 
this context we expect to include in forthcoming work special investi=
"	 i(^ gations In the land and energy areas, especially.
	 Current work in the
4itw.:
Berkeley Remote Sensing Research..P.rogr.am
 concerning the DWR irrigated
agriculture inventories is an excellent example of an application in
which ou r so cio -econom i c. exploration will cohtinue.to be of value
The last item on our list of forthcoming activities concerns NASA's
present program to document more fully operational,,and.near-operationai
LANDSAT applications. In addition to our continued exploration.of
the socio^-economi c landscape surr^oun,d i ng the management of Cal i fornia
water resource management issues, we plan to give special consideration
to those circumstances--both within and outside the water resources
environment where satelli te remote sensing can be Identified as now
or :soon contri.b.u.t.ing	 valuable informat,i:on to resources, management
decision-making. This task will be integrated with parallel.efforts
on the technical side of remote sensing applications performed by
investigators within the Integrated Group., Hopefully, we will be able
to include testi mony by the users themselves regarding the application
of remote sensing tethnology to their decision processes.. In the final
analysis, is it not. the' quality of resource management decisions , . and
their societal consequences, that we are interested in improving?
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{CHAPTER 6
SPECIAL STUDIES
r^+
f;	 Special Study No. 1: Video Polarizer for Remote Sensing
L1	 of Earth Resources
j"	 Co-Investigators:
	 K. L. Coulson and R. L. Walraven
?	 Davis Campus
a : During the past year an instrumentation system capable of sensing and
displaying the intensity and polarization information in natural landscape
scenes has been built. The system, which we have termed a video polarizer,
consists of a three-vidicon television array in combination with appropriate
signal processing electronics and a color television monitor. It has been used
successfully for the acquisition and display of simultaneous intensity and
polarization information in natural landscape scenes on the UC Davis campus.
A schematic diagram of the basic components of the video polarizer is given
in Pig 1. Three black-and-white vidicon cameras are mounted in a parallel
orientation on a common mount. Polarizing filters are inserted in the optical
U
path in front of the lenses of two of the cameras. If the stream of radiation
from a point in the scene is described by an intensity, I o , a degree of linear	 F
i	 polarization, P, and an angle of the plane of polarization,	 then after passing
X5
n	 through a linear polarizer, the intensity of the stream of radiation will be
I	 Io l + P Cos2(9- )]
X
I	 where 9 is th..e angle of the.principal axis of the polarizer. If the polarizer in
_lj
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Figure 1.
	 Schematic deagram of the present video polarizer system.
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1	 front of camera number 1 is set such that A l 00 and that in 'Front cf number 3
45°, then the.intensty.of radiation entering the lenses of the cam p ;-as.has 83
is, respectively,
	
L-J. 	 T1 =	 I o E1 + F Cos2x]
	
r--.	
I2  = Ioi
	
a	
I =	 I o [l + P sin2x]
	
f.	
From these three quantities we can determine I o , P, and X. For the present video
polarizer, the three . black-ands-white signals are.combined by a special processor
into a single color composite signal which contains the intensity information as
the black-and-white brightness component and the polarization information as the
	
` i	color component. Saturation of the color indicates degree of linear polarization,
and hue of color indicates the angle of the plane of polarization.. Thus the
system creates an image containing all of the i ntE :;si ty and pol ari zation infor-
mation from the original scene in real time on a color television monitor.
Some typical results obtained with the video polarizer are shown in the two
photos of the face of the.television monitor in Fig. 2. Although the photos
	^i	 are somewhat crude, they do show the effect of polarization of light from the
scene. The two images were taken within a few seconds of each other, the only
difference being a change of the angle of the polarizers in front . of two of.the
cameras. It should be remarked that parallax problems due to the physical separa- j
tion,of the cameras cause multiple images of nearby objects, and use of a camera
with a focal plane shutter to photograph the television monifor produceithe.
.i appearance of diagonal shadows in the photos.	 However, if these difficulties
L are ignored. and the photos. are: compared, dpifferences . .in both hue and saturation
of colors in the photos can be seen. ;'
elsewhere in the photos. 	 In fact, in the absence of polarization, a given feature
should ideally be unchanged, but with imperfections in the system this may not be
achieved completely. #
.; Returning to the asphalt surface, a small area of more highly saturated color
appears in both photos.
	
This is produced by the surface of the asphalt being wet. j
A few minutes before the photos were taken, water was poured on this area, and
at the time of the.photos the surface was still wet. 	 There was a small amount
of standing water in the area.	 The increased saturation of color was produced
I1
7
by an enhancement of the degree of polarization of the light reflected from the  ,
water a.nd . the wet surface of the asphalt.
A careful inspection of other features in the photos, including the sky,
natural vegetation in the background,and the large area of grass, shows more
subtle differences of color between the photos. This -also is an effect of
polarization, , although at this particular angle of incidence of sunlight the
polarization is not high.
It is anticipated that this, or a similar, system will be a valuable aid in {
discriminating . among various types of surfaces in studies of earth resources.
For instance., it is known that various types of agricultural crops have different
polarization characteristics, and the polarization of light reflected from a given
bare soil is a function of the amount of surface moisture the soil contains.	 There
z
are many other polarization features in nautral scenes, some of which are still not
.known, which have potential for purposes of remote sensing. 	 The present system
has the capability of capitalizing on those features.
6=4

Special Study No. 2:
	
On the Frequency Weighted
Least-Squares Design of Finite Duration Filters*
Co-Investigator:	 V,. R. Algaz:L, Davis Campus j
Contributor:	 Minsoo Suk, Davis. Campus u^
r Abstract.	 The frequency weighted Least-square design of finite-duration °{{
fi lter, in one- and two-dimensions,:, continuous and discrete is
considered.	 Some new theoretical results and'some practical design
techniques for-conventional and unconventional filters are presented. j
In some cases optimum discrete filters can be found conventional.y by v
matrix inversion...	 In many-cases a . simple, iterative approximation ^.
technique using FFT can be used to carryout the design or to adjust A
the frequency response filters. 	 -
x
I.	 Introduction
In the-design of finite-duration filters which approximate some desired
frequency response, the designer has generally . to contend with different
approximation requirements for different regions of the frequency {
spectrum.	 For one--dimensional sampled data filters with periodic sampling
(finite-duration impulse response (;SIR) digital filters), a number of
design techniques have been developed which achieve these design i
oirjectives '(see (25)-(27) for excellent summaries).	 A common and simple ^.
technique using data windows' approaches the problem in a two step
fashion.	 A trigonometric approximation of the desired frequency response
is first obtained'.
	 This approximation is optimum in the least--square
w^
^
sense.	 Then one of several finite duration windows with good frequency
concentration properties is used to.modify the previous design and to
reduce the unwanted effects of the Gibbs phenomenon in parts of the fre-
quency range. -One specially important data window has been derived
analytically..in the fundamental work of Slep an and Pollak who
established the;optimal.frequency :concent a-tion property of one of the
prolate spheroidal functions of zero order (1). 	 The related Kaiser
S	
A
Window (2)'is . commonly and successfully usedin the design of FIR digital
filters (3).	 We consider in this paper an alternate analytic approach to r^	 ^
the design of one-and two-dimensional filters and windows of finite duration.
This approach differs in . philosophy and in detail from previous work in
the sense that primary emphasis. is given to the constraint of 'a finite duration F
and only secondarily to the additional conditions of a continuous or discrete
*This work was supported in past by NASA Grant NGL 05-003-404 and in 7
part by NSF Gnt GK-37282.
.a w,
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filter or to the uniformity of the sampling grid, A frequency
weighted least-square approximation measure is triad
which incorporates, from the start, different approximation
requirements in different parts of the frequency slie.4rum,
For low-pass continuous filters, this 
he
 leads naturally
to solutions in terms of all prolate spheroidal functions of
zero order and relates low-pass filters to spectral windows.
The motivation for this wo& is in applications to image
processing and encoding for which the two-dimensional
sampling grid, by choice or by constraint, may be non-
rectangular and .are in fact often highly nonuniform. Thus
attention will be given to continuous filters with finite
duration as well as to nonuniform sampling problems.
Although most of the results and examples in this .paper
are one-dimensional, the extensioc. to two dimensions is
discussed and a simple iilustrative example is presented.
The objectives of this paper range from the theoretical,
the. establishment of the mathematical
.
 equations for filters
optimal in a very .specific sense; to the very practical, in
providing design techniques which can be used for Iess
conventional design problems than the well documented
design of one-dimensional low-pass, high-pass,: and band-
pass digital filters. Of special importance is the fact that the
techniques presented extend naturally to two dimensions.
11. TRANSFORM DOMAIN LIMITATIONS OF
FINITE-DURATION t FUNCTIo?ds
The frequency behavior of finite-duration functions is
cons rained by fundamental limitations. Several transform
domain limitations of finite-duration functions have been
established throughout . the years. They are known as
generalized time-bandwidth uncertainty relations [-3]-[6]:
Let us define the measure of the time spread of y(t) by
a2 	 ST. 1Va(1)Ig(t)I 2 dt	 (1)
I g(1)12 at
and the measure of the ,frequency spread of its Fourier
transform G(f) by
^a	 J!! T0(f)IG(f}I2 df	 (2)IT. I G(f)12 df
The most familiar form of the uncertainty principle states
that if we assign a time weight of W,,(t) _ (t — 1a)2 and
frequency weight of Wq(f) = (f — fa) 2 , then for any choice
of to andfo, a# ? 7r:
Analytical techniques have been applied to the design of a
family of time functions or windows with optimal properties
[1]. Among a set of duration limited window functions, i.e.,.
among a set of window functions h(t) such that h(t) = 0
for III > T/2, an optimal window function ho(r) which
m inimizes the frequency spread fl' defined above can be'
show_ n to be
ho(t)	 100(t),	 It  :5 T120	 otherwise
1. t71 _
	 _"— 231
	
lA	
Low _-` — W4
t—at1-8 1	--
la
FL F.i 	 FL tt H 	f
	
(a)	 (b)
Fig. 1. Magnitude-square characteristics for low-pass filter and
window function. (a) Low-Fri filler. (b) Window function.
where rpo(t) is the elgenfuncuon corresponding to the
largest eigenvalue ,lo of the integral equation
f
Tt2 stn 2rrft(t	 -r	 ,,
	
- rfz	 -a(t — x)	 n(
r) .dr = . a..r.p(^}	 (3)
The frequency weight. Wp(f) which is used . here to define
frequency spread fl  is given by
Wit  
	
( if0,
	 ifI :E9 
L otherwise.
The„(t)'s are the prolate spheroidal functions of zero
order and ¢a(t) is closely approximated by Kaiser windows
[2]. These prolate spheroidal functions have an important
theoretical role in our work as we shall see in the following
sections.
111. FREQUENCY DOMAIN DESCRIPTION OF FILTEtts
AND DATA WINDOWS
Typical design parameters of interest for filters are the
deviation of the frequency response from an ideal response
within passband(s), the amount of attenuation in stop-
band(s), and the width of transition band(s) (see Fig. 1). In
a frequency,.weighted least-square design approach we shall
recognize different objectives by assigning different relative
Weights ta,errors in different frequency ranges. Formally,
we con=sider H,(f) to be an ideal frequency response to be
approximated. Then in general, the model h t(t) has to be
-.fined for all time t. The optimal approximation (in the
weighted least-square sense) ho(t) which is restricted to
It1 S Tl2 is ha(t) which minimizes
	
1 = F. {w(t) * [h t(t) — h.(t)]} 2 dt	 (4)m
or equivalently, by Parseval's theorem . .
	
1-	 tw (f)1 21HI(f) — Ha(f)IZ df	 (5)
where we. require hjt) = 0 for III > Tl .. The purpose of
introducing w(t) is to provide an appropriate weight in the
frequency domain as shown in (S).
Although:results can be obtained for an arbitrary weight-
r.,
ire
ing function IW(f)I 2, we shall emphasize, in this paper, the
simplest such weight which accommodates different ob-
t Fn general, the duration does not necessarily refer to time, it could jectives and specifications in a.passband, a transition band,
be spatial support such as in image processing. For convenience we
shall refer to all such cases as finite duration. 	 and a stopband of a low-pass filter.
i -
	 b^7
_J	 I	 I __	 '	 I	 I
Consider an arbitrary ideal low-pass frequency charac-
teristic Hi(f) of g. continuous filter such that
Hff) : 0, If i >f,	 (6)
and an error frequency weight
	
,L`}1 2 = 1,	 If] s A
	(A,	 otherwise.
	
(7)
Without loss of generality the weight is set equal to 1 in
the passband. In the stopband If 1 > fo we use a weight A,
which may be very large. The region f, < If 15 fa is the
transition band, in the sense that we would ideally
 like to
get zero response, but we do not assign a high weight to the
corresponding errors.
In the case of window functions, we are mainly concerned
with the concentration of energy in the main lobe and with
the size of the side lobes. Thus for window functions the
only frequency requirement is a maximum rejection specifica-
tion in the stopband. This objective can be achieved using
a weighted least-square approach by approximating an
ideal low-pass filter as in (6) and by using a very large value
of A in (7). It will be shown that, in general, as A -+ oo,
Ita(t) = 00(t), the optimal window, solution of (3).2
IV. WI:IGHnD LEAsr-SQUARE DEsit3N OF
FINITE-DURATION CONTINUous .
 FILTERS
(ONE-DIMENSIONAL)
We now consider the minimization of the weighted least-
square integral (4) by proper choice of .
 the finite -duration
filter hJt). Before we proceed with the mathematics of
 the
problem, a comment is needed on the physical significance
and potential use of finite-duration continuous filters since
in .general, they cannot be readily implemented by physical
devices.' Still, this continuous filter is useful in applications
such as interpolation and change of sampling rates. In
addition, often we could obtain FIR digital filters with
comparable frequency characteristics by periodic sampling.
of continuous filters.
The determination of 1-.Q) in (4), is a classical minimiza-
tion problem which leads to the well-known orthogonality
principle or projection theorem [7]. It can be shown that
the optimal filter ho(t) satisfies a Fredliolm integral equation
of the first kind:
T^2
Q(t) 	 RQ — a)ho(a) dcx,	 1t1 S T/2 (8)
rya
where
R(a - P) _ f m w(t 04t — p) di
m
2 For. large A, the optimal solution of (11), ha(t), will in gener5l be
proportional to ¢a(t), the first eigenfunction of (13). To see this result
we note that as A — co the relative contributions of &W and OcQ) to
ho(t) are from (19) and (20), (htlh(,) e(qk/qo(l — AJ), 4s and go as in(17), with s = I — xa, the fraction of energy of Oo(t) in the stopband,
generally extremely small. Thus in most cases, since (qn/go(l — dJ) is
finite for k - 0, all hr's, k 0- 0, will be very small and ho(t) is
roughly proportional to dolt )•3 Note that such continuous filters can be approximated by a
combination of tapped delay lines, and active or passive lumped
circuits,
and
Q_Q) = 	 R(t -- a)hi(a) doe.
Thus R(t) and Q(t) are known for all t. For completeness,
these results are derived briefly in the Appendix,
In general, this equation is difficult to solve, and the
solution is given in the form of a series expansion [8], [9].
For the frequency weight of (7) we have
R(t) = A6(1) -- (A •- 1) situf0t 	 (9)
and (8) becomes
Q(t) = Aho(t) — (A — 1) T/2 sin 27rfo(t — a) ho(a) da,
J T12 rc(t — a)
1tl s TJ2. (10)
We rewrite (10) as
ho(t) 
_ 
Q(t) + A 
A 1 E rz 
sin n o(t.a a) ho(a) day
T1z	 )
1t1 S Tf2 (11)
and (11) is a Fredholm integral equation of the second kind.
Since the kernel of the integral equation
K(t,a) = sin 2afo(t -- a)	 (12)
n(t • a)
is positive definite, it is weli known that [8], [9],. for the
homogeneous equation,
E
T12 
K(t,«) k(a) da = AkOktt),	 1 t 1 5 T12 (13)
T/z
the orthonormal set of eigenfunctions ( tpkQ)) forms a
complete orthonormal set over [--T12,T12], and every
function y(t) square integrable over [--TJ2,Tf2] admits
the expansion, convergent in the mean
At) = lira I gJAW	 (14)
IC- M k=0
where
T/2
8k °	 gQ)0k*(t) dr.	 (15)
T/z
Also, according to Mercer's theorem [8], the kernel K(td)
can be expanded in the series
rT	
^ 
7
. 	 ,K.(t,a) " Fj hr^r(t)r^r(rx} 	 {L.6}
r=0
where the convergence is uniform for —T12 5 t, a S T/2.
Applying these results to the problem at hand we can
expand Q(t) as
^^m
+
Q(t) = G gror( t ),	 111 5 T/2	 (17)
r=0
where
Tlz
qr = f -	 Q(t}fir*(t} dt.	 (18)
T►z
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Then the integral equation (10) can be reduced to the
problem of finding the expansion coefficients hk of ho(t)
where ho(t) is given by
m
	
ho(t) = ; •h4ok(t),	 ItI 5 T/2.	 (19)
k=0
It is easy to show that hk is given by
9k/I,- =	 (20)A — (A — I)2k
Note that for the kernel of (12), the integral equation (13)
reduces to (3).
SIepian and Pollak have shown that the eigenvalues
Al.'s of (13) are real and positive [l]. Let the Ilk's be ordered
as 20 > 11 > • - • . If the Ak's decrease rapidly with k, then
we need only the first few terms to approximate ho(t)."
The eigenvalues Ak's and the eigenfunctions ok(t)'s are
tabulated in the literature as a function of the parameter
c = irfoT, and are known as prolate spheroidal functions.
For small values of c (c 5 8), the functions are tabulated
in terms of Legendre polynomials [10], [11], and for large
values of c, asymptotic expressions for Il k's and Ok(t)'s are
given in Siepian [12].
Iterative Determination of ho(t)
The solution of (11) in terms of eigenvalues and eigen-
functions is practically useful only if the solutions of the
homogeneous equations (13) are known in closed form or
tabulated. There are very few such cases.
Another approach to the solution of the integral equation
without solving eigenvalues and eigenfunctions is the
Neumann series approach. The Neumann series solution
is an iterative approach in which an approximation to
ho(t) used in the integral on the right-hand side of (11)
generates the next approximate solution. Let the kth
approximation to ho(t) be Aik(t), then the (k + 1)th approx-
imation 1ik ,- t (t) is given by
k+t(t) -- A Q( t) + A A 
1 ^
T rz 
sin (1 o(t a) a) hk(a) da,
- T/2
III 5 T12. (21)
Note that if f, 5 fo in (7) then Q(t) = h i(t). Let DT be a
duration limiting operator, and B fo be a bandlimiting
operator, i.e., for any time function g(t), and its Fourier
transform G(f)
DT9(0 = 9(t), ItI c T12
	
10,	 otherwise
and
	
^rpC,(f} : ( GO),	 I.f1 <.fo
	
0,	 otherwise.
6 For c = 8.0, only 5 terms are used in .a series solution all with
even indices, starting with ¢a(A The first term neglected ¢, a?r) has an
eigehvalue Ala = 8.93 x 10- 7 as compared to AO = 0.999997. The
tabulated values of the Ak's are taken from 1131.
Using this notation, (2I) can be rewritten as
Ak+t(t) = D-r [LA h,(1) + 
A 
A 1 Bfa
fzk(t)] -	 (22)
The approximation process successively bandlimits the
previous approximation and then duration limits a weighted
sum of the model and the bandlimited function B fohik(t ).
For A — 1 we immediately get ho(t) = DA(i ), as expected.
As A -► oo we shall generally obtain
	
hn(t) - 100(t ),	 It 1 5 T/2
	
0,	 otherwise.
Thus the stopband behavior is generally constrained by the
behavior of 00(t) for the specific time-bandwidth product
c = 7rfoT. By proper choice of A, one achieves a tradeoff
between these two limiting cases for the in-band and stop-
band behaviors. This intuitively pleasing result and (22)
also suggests a very simple approach to the design of FIR
digital filters as we shall see later.
The successive approximate solutions will converge to
the solution of (11), when I(A — I)IAIIIKII < 1, where
II K 11 is the norm of the kernel [9]. Since the specific kernel
of (12) is a symmetric Hilbert-Schmidt kernel, at least one
of the two numbers IIKII and — IIKII is an eigenvalue of the
kernel K [9]. It is well known that the eigenvalues of the
kernel K of (12) are bounded by 1 [1], therefore the series
always converges. however, for many ^.ases of interest, II K II
is very close to I [ 13], and the convergence is strongly
dependent on the value of A.
An Example of Continuous Filter. Design of a
Low-Pass Filter
We consider the problem of approximating a low-pass
filter wttb an ideal frequency characteristic
15f,
	
Ht(f) — 11	 if
 (0, 	 otherwise	 (23)
i.e., a low-pass filter with cutoff frequency f,, using the
frequency weight of (7) with fG 5 fa.
To solve this problem we use here tre series solution (19)
which requires very few terms." The evaluation of the g k 's of
(18) may be done more conveniently using Fourier transform
techniques; Since Q(t) = hi(t),
T/2
	
qk = f -	 hi(t)Ok( t ) dt
T! z
f
Hf*(f )Ok(f ) df
rr^ (%(f) df
— J -r^
where
T12
	
(Dk(f) = f	 ok(t)e-J2+cf+ dt.
T/ z
We chose a value for the time-bandwidth product c =
7cfoT = 8.0. For that value of c as A -+ oo we obtain for
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Note that the minimum attenuation in the stopband
depends on the product .nfoT (time-bandwidth product)
}	 and that higher attenuations will be obtained by increasing
that product.5
=	 This example, using a series expansion approach, is
m	 principally of theoretical interest sin ge the prolate spheroidal
functions are only tabulated for small values of c.: The
ti iterative approach, using ";the. Neumann . series, is more
generally applicable and will be used to design a two-
dimensional filter-interpolator in Section VI.
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	 V. DESIGN of FiMTE-DuRATION Di5cmF_
A	 ..	 ..	 .:
TIME FILMS
rf4T:9.0	 f0=fp	 01=-3 a
Uniformly Spaced Filters'•'
Fig. 2. Effect of parameter A on normalized width of transition band
and attenuation in stopband.	 These filters are also known-as FIR ..digital filters. For
the design of FIR digital filters, we require ho(t) to be defined
_	 on only N uniformly spaced discrete time instants It t
bK
tl
x
s
w
P	 1.o-
9
^ 0.5
a, 12
,tN_,} and ho(t) _ Ek=o akb(t - th). Then the optimal
	- 34 G	
coefficient ak corresponding to ti;, k = 0, 1, • - •, N — .1, is
given by a matrix equation
z
	Ca — b	 (24)
-i0
.	 where 'a. and b are (IV x1) .column: vectors and C is an
	
9	 (N x N) matrix which are defined byn
	
m	 bk= I	 sv(t - tk}[w(i) h i(t)] dr	 (25)
4.5	 4.1	 4.0
	
4.9	 m
1C Ito 	 Ckf 
^
w(t - Qw(i — tj) dt,
CoTl4teI ' D	 A=1400
	
at= 3d6
Fig. 3. Effect of parameter f^lfo on normalized width of transition
	
k,: j	 Q, 1,. .., N - L. (26)
band and attenuation in stopband.
	 The optimal coefficients ak's can be determined by solving
the matrix , equation, of (24). Note that the matrix C is a
i	 ho(t) the time limited version of the. prolate spheroidal
function cf .—ro-order rpo(t).
To control the frequency response of the filter we have
two parameters available in addition to c. The weight A,
Which controls .
 principally the attenuation in the stopband
and to a lesser extent the transition band, and f, the
cutoff frequency of the ideal model, which controls princip- I yy(f)12 = 
	 A c f I S A
ally the transition band,	 0,	 otherwise	 (27)	 4 tThe effects of A and f^.aie shown in Figs. 2 and 3. We
have chosen as variables the attenuation in the stopband in, where fey is the Nyquist frequency, these eigenvalues and 	 .i
decibels	 and the width	 of the transition band f
T(F,r --- FL), normalized to the reciprocal of the duration.
	
s Tlie follo
n
wing table indicates approximately.. the minimum stopThis example illustrates the. relation of a continuous Iow^..
	 band: attenuatio	 as it function of c - nfo
pass filter to an optimum window. Slepian and Pollak [1]	 cl>z.
	
attenuation in dB
found the window function which gives the highest con=
	 —
centration of energy	 n. the frequency band 	 R.9	 -2lY.	 q	 Y .	 LfE..	 fo^	 :1;5	 --37
This window function is the eigenftinetion of (13) with the
	
1.ii	 -^42
largest eigenvalue. But, as can be seen in (19), to improve 	 3.0	 =7
the behavior within the passband, one of our objectives, 	 3,5-97
"	 we need to introduce higher order eigenfunctions... The	 4.5	 -111
contribution of these higher order eigenfunctions to the7: See related Work by. Fleisher [141.:In a recent gaper [24] Farden and Scharf approached the design
frequency response within -the pa-sband, and the amount	 of nanrecursive filters on a statistical basis and proposed a design
of corresponding tradeoff in the stopband attenuation is 	 technique for t iR frlter5 which is, essentially a weigiftcd least- situare
related to the value of A and f	 r	 for the invers'on of Tae litz matricesdesign. In addi pon to saverai exampIcs, their paper includes a computerc^ . ..	 P. oBrarr3	 P
{
t
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Toeplitz matrix and there exist several efficient algorithms
to invert
.
 a Toeplitz matrix [15], [16]. Instead of inverting
the matrix C, the column vector a can be expressed in terms
of the eigenvalues and eigenvectors of the - matrix C' as
mentioned earlierr. For the frequency . weight
1 	 If1 : s A  fl;
vectoranalogousenvectors are 	 to the prolate spheroidalg	 g where en;' = c1, 1' and I k — 1I = m, and form a new
1 functions and have been discussed by Papoulis [17]. Mote 4k', of order 2M, by augmenting 4k
that we have now tk.-1 - tk = 112fN. For the frequency a rT	 n	 "A N-..	 n	 0	 0	 0k	 [a+ki	 k2weight of (27), as for continuous filters, we can obtain an
iterative . approximation to a which .avoids inverting the where 2M is a . highly composite number, in general a power
matrix C. Let us define of 2. The matrix C" is a circulant matrix, and thus the
operation C"irk`, a circular convolution, can be done using
' g(at} ,:. ^_	 w(t)w(t - a) dt .	 (28) FFT. We note that the first N elements of C"a"k are equal
to the elements of C'a""k. When 2M is sufficiently large, the
then application of matrix C" to a vector dk' can be seen as a
s
_ t	 t	 /2gck/	 9(k - 7)	 [	 ) bandlimiting operation of frequency fa. Since the evaluation
of hi in (34) can also be done using , FFT.algorithm of order
- and the Fourier transform G(n of g6e) is 2M we have an-equation similar to . (22) in the discrete case
i. G(f) = I H'UV)	 (30) , also	 i
We write the matrix C as a sum of two matrices with
I	 A_1_
k+I
	 Drv A hr ±	 BfoakA (35)
L
I	 (f) I2eJ2^sf((k-t1) df in which the operator DN[-^ just retains the first IV samples
of the sequence in the bracket. The interpretation of the
}
f
fN	 f°
A 	 e'^^f^J'^`^r df - {A -W 1)	 ej2sjs`k-r^^ d f
f-fo
successive.steps in the . approximation is Just as for the
continuous case. The computer implementation of (3S) is
fN very simple, since it can be written as a DO loop on k and
Abk f •-- (A - 1)ck}' (31) use the FFT` a1 arithm to go back and forth from the time
where. to the frequency domain. A similar iterative design proeeclure can be formulated
^f° i'fuk-r,) d f for a general frequency weightW(f)1. For a frequency
weight I W(U)I2 hounded by S, which vanishes for If  > fN,
L.1
	
..
Now the matrix equation (24) becolin.es we obtain an iterative relation
M^
_b- - Ca 4-+1 = DN bt + B.4	 .36)[IS
(Al. - (A . - I )C')a .
where B,,. is a frequencyweighting and 	 bandlimiting
= Aa - (A -. I)C'a	 (32) operator where .
or
a .Y .1.	 A - I	 ;:.b+	 ..A	 C a	 ..	 {33} A G(f) ^.
- IS	 I W(f)l 2 G(f),	 If  s In
A 0,	 otherwise. .
where 1 is an identity matrix: The use of our results from a practical viewpoint in the
Note . that when . HI(f) vanishes for I f I z fc, we have design of. FIR filters is illustrated in the two examples that
b, =Ire{tf). g h Ej:	 Then	 the	 (k + 1)th	 approximation follow.
. _ ak-,. l of a is given by
Example 1. FIR Low-Pass Filter Design
Y ak# 1 . -_	 + A A l C^k .	 (34) This is a canonical example for filter designers and itsinclusion .here is principally to illustrate that old results can
The successive approximation' (34) converges since all the be obtained by new methods and to point out some limita.
-, eigenvalnes of the matrix C' have magnitr.de less than I tions of weighted least:-square design. We consider again
:. [17]. [18], As in the .continuous case, .these successive .the ideal filter 11,(f) of. (23) and. the frequency: weight .
- approximations can be done very easily, and can be inter- I W(f}i2 of (27), with.fo ? f, The effects of the parameters
preted- as applications . of successive' duration 	 limiting A and fo are as in the case of the design o f a low-pass FIR
' operations and bandlimiting, operations using the FFT . continuous filter,
_ algorithm.
To see this, let us. form a new matrix C", of order (2M x 2M), by augmenting the matrix C',
CO	 C i.	 C2	 GN-1^N CN+1	 CM-1	 CM	 C'	 I	 C2
Cl	 Cp,	
Cl .	 ,...,	 CN_2..	 CN-1	 , CN , ...	 C1f_2	 Chi-1	 Ch!	 .,.	 :C2
Cit 2 	 C 1 1 CO'	 N •- 3	 4-2 N-1	 M-3	 M-2	 M-1	 C3
el " . C2rC.3':.	 CND	 CN+1
	
. 6+2	 ..,
	 CMr	
CM-1	 Ohl- 2 	"	 CO'
' 3
_
'	 _!	 i	 I	 I	 I	 i	 1
I.D
W
N
^ as
40	 91	 O1	 43	 O.i w
RU MLIZED FREQUENCY
(a)
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w
az IN 15
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i	 (a)	 NOAwSLELfD FREQUENCY
t	
(b)
At.
1.0
tti
NORMALIZED FREQUENCY
(C)	 i
Fig. 5, Weighted least-square design of FIR digital filter. (a) Ideal
frequency model. (b) Modiflgd ideal frequency model for weighted
least=square design. {c) Frequency weight . used in weighted least-
square design.
21 2 ,a as imation we do not have a precise control of d t and Sx or D.
(b) We thus vary the control parameters fr, fo and A and -'
Fig. C . Comparison of design technlques..(a) Other design.techniques:
(b) Analytical:desigetteehnique.
measure 6 1 , 62 and D on the filters obtained, We have least
control over 6 ' but in terns of S and D we see that the1	 2
-!
f
results are comparable to those of the minimax techniques. 9 ^
A more systematic approach to the design using weighted L',
Here the filter was
.
 determined by inversion of the core least.-square is outlined in.:the next example.
responding Toeplitz matrix C, an extremely fast come
Example 2 .putattoa To compare with the frequency sampling technique
of Rabiner, .Gold, and McGorkegal [19] :and `minimiax We now consider the design of a filter shown in Fig.
technique. of Herrmann[20] in Fig. 40 .. we show :: the 5(a):.TJae specific—pions. are
normalized width of the transition band [21] passband : 0.1 S f
	
S 0.275 within a magnitude error of .
D{SI ,SZ}.NZ'{FX. - FL}	 (37) 0.02,
where Tis the sampling period,. and thus NT.is the duration
impulse response s	to Fig. 1 for the definitionof the	 (Refer
transition . band 0.275 ¢ f (S 0.325;:
 5 0;1)f 1
stopbands (I.2. 0.325 c f c 0 5^ S	 50 dB.of parameters.) Since we use an integral measure of approx=
'nf	 21	 A	 r figure	 20 is	 errorFig. 4(a) Is . reprinted . rom 1 •
	
simila	 	 n l	 ]	 1
'	 for filters designed using Kaiser_ windows. The authors acknowledge
From Fig. 4 a we.note that the filter designed b 	 the techniques
	
rn	 .	 ()	 6	 Y	
of this paper is slightly inferior to the minimax filter (about 15 percent
one of the reviewers for pointing out this error. larger D for:the same 62).
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TABLE I
w6ir=m LEAST-SQUARE Dmcm of F!L•I'r:it of FIG. 5
0.0'
na -20.9
x
w
5
-t0.0
The number of samples needed is determined by the transi-
tion band specifications. As a rule of thumb we use the
rejection properties of 00(t) .and the transition bandwidth	 -6°9
to obtain an estimate of N. For 50-dB stopband `rejection
the time-bandwidth product should exceed 2.27r. Using f,
0.05 and 7rf,N = C we conclude that N > 44. We chose
CtIntCVn 01"tm= ra0nitadn
attenutian in attenuation In error in
A l A2 stopband 1	 (d0) stopband 2 (d91 passband
1 1 -43,63 -37.45. 0.015
1000 1000 -53.35 -54,06 01973
100 100 -5118 -46.16 9.O1c9
100 1009 -50.74 -	 -51.24 0,0177
N = 60. to also meet Kaiser 's criteria for the same design	 p.l	 0.2
	 a3
using the Kaiser window. In the weighted least-square
design we used the ideal model of Fig. 5(b) and the weight	 NORMALIZED FREQUENCY
r-, shown in Fig. 5(c). Note that we include the transition band 	 (a)
in the model. The design took 4 steps with the results shown
a	 in Table 1.
	 00
To compare the results to a design using the Kaiser	 x 69
window we use the criteria set by Kaiser [31 for the window
_	
iv(t)
 =	 Io(as) .	 I t s — T
j ^0,	 Itl > T.
In order to meet the transition band and stopband specifics-	 5
f:. tions we used N = 60 and a = 4,5512.
The filter design using the Kaiser window does meet the
?• transition band and stopband 2 specification but not the
passband or stopband I specifications. The problem is that
the desired passband response is smeared into stopband 1
}	 ;-	 by the Kaiser window with no possibility of control. Fig.
6(a) and (b) illustrate the differences in the results obtained	 AAA]
by the two design techniques. The design using the Kaiser 01	 °.:	 9s
	 0.4	 as
ij window, Fig. 6(a), eventually exceeds stopband 1 specifics- NORMALIZED	 FREQUENCY
tions, but the transition into the stopband is slow with a (b)
response of --33 dB at f = 0. 1. Weighted least square, Fig. 6.	 Frequency response or filters designed by (u) using Kaiser
11 Fig. 6(b), has more flexibility and better control of the window, and (b) using weighted least-square design technique.
filter behavior in the neighborhood of f = 0.1. Note that
in the flat portion of the passband response, the use of the For the actual weighted least-square. design, the matrix
'
Kaiser window leads to extremely small error. inversion using properties of Toeplitz matrices is extremely
These two examples illustrate for the reader strictly fast. The iterative technique using FFT is extremely con-
interested in FIR filter design.the possibilities and limitations venient to use to .trim the response to meet specifications.
of weighted Ieast-square design. Steps to follow in a design For a fixed error weight, one then observes . at each step the
procedure are as follows. increase in stopband rejection and the iterative process
w I) Choose N to exceed the time-bandwidth product may be stopped when the specifications are met.
requiremen- set -by the transition :band and by the; stopband
rejection properties of i^a(t). Norrun for^inly Spaced Filters 
,, 2) Do a least-square design (A -_ ,1) and check the For some applications. we are interested in the design
frequency responses in the passbands and stopbands, of FIR discrete filters and windows where the discrete time
3) Do. a weighted least-square design with 	 'w eights : instants {to,t l	;tN_,}, on which the filter impulse response
' in the stopbands to check. t e rejection actually achievable is defined, are nonuniformly spaced [22]. The eigenvalae-
in the stopbands. eigenvector approacli and ma trix inversion approach can be
4) Decrease and/or adjust the stopband	 weights to extended to this problem without any modification. How-
improve the passband response if the stopbands specifica- ever, the.matrix. C is no longer aToeplitx matrix. To explore
tions.are exceeded.. flow traditional techniques would work, a set of time .
6-13
t.	 instants was chosen at random. Conventional windows then the integral equation (40) becomes
sampled at . these time instants exhibit an erratic frequency. Q(x,Y) = Aha(x,y)behavior. A window designed using a weighted least-square
approach for the same problem leads to usable results, (A - 1)
ff K
O,(x -- a, y - /i)Ir0(oc,/1) da d/3,
with significant side lobe attenuation.
Another interesting problem is the case when we are free ° i
to choose the time instants {to,tl, • • • ,tN_ 1! to improve the (x, y) e D	 (43) Y	 _
frequency response. Numerical . optimization techniques where
such as the Fletcher-Powell search procedure car be applied
`
-
^(«^^) etzncatr+Aty^ d dfy	 (` 4) ato. find optimal ak's and tk's. In` an . example of a . low-pass x y
filter, a significant increase (> 5 dB) in stopband attenuation n,
was obtained for a filter with 8 nonuniformly spaced samples , Applying the Neumann series approach, we can again
as compared to uniformly spaced samples. derive a recursive relation for successive approximations.
The (lc + 1)th approximation of hp(x,y) is given by.
VI. DESIGN OF Two-DIMENSIONAL
FINITE-DURATION FILTERS fik+ 1(x, A =	 Q(x, Y)
`.	 Two-dimensional finite-duration -filters, continuous and
discrete, have a wide application in image processing; for
-h	 K1,F(x - a, y - J})!^k(u,/^) da d(1.A -- 1
 ff texample, geometric correction and interpolation, and image A
_	 filtering or restoration. The constraint of finite duration is ° f
quite important in two-dimensional filters since the data (4$)
being processed itself has a limited duration. Much of our Special Cases
i	 previous work can be extended to two dimensions. We have
now a weighted integral square to minimize 1) Separable Filters:	 When h j(x,y) is separable, i.e.,hi(x,y) = h,.(x}lt,,,(y) then the problem becomes a simple
extension of a one-dimensional case if the frequency
-	 I - ff $V(x,y)#*rh i(x,y)- ha(x,y@ 2 dx dy	 (38) weight is also separable.2) Circularly Symmetric Case: Isotropic Filters: If theco
area .D is. a circle: with a radius ro .centered at the origin,
hi(x, y) is a function of only r =	 x2 + yz, and the weight,
_
p
y} - Ha(fx,fy)1 2 dfx dfy .	 (39) PR(r}, has circular symmetry then the optimal circular
x, symmetric window or filter ho(r), is the solution of the
integral equation .
We require h,,(x, y) to vanish outside the region D.
For continuous filters and windows an integral equation 7 ho(IR + p2 - ' 2rp cos d) dQ dpQR(t.) =	
p►a 
Ppr;(p
)foJIo has to be solved for the optimal Ira(x,y) 1(46)
Q(x,Y)= ffp(x -	 , Y -- n)ho(^, yt) dg dij,	 (x, Y) e D Example: .Design of a circular . synimetr •ic low-pass
n filter: Let our model Hj (fz,fy) be ,
.3(4t))
for NO + fy2 S pa
where Hi(fx°fy) 0,. .otherwise. y
Then all procedures are similar to the case of one- 1Q(x; y) = ffP(x -	 , y - q)hj(4,rl) d^ dq	 (41) dimensional low-pass filter design with a two-dimensional
-m eigenvalue-eigenfunction problem to solve
and
ff Kn(x - a, Y - f1)^^{a,Q) da dfl = Akvk(x, y)	 (47)
P(a,fl) = ff w(x,Y*(x - a, Y - fl) dx. dy.	 (42)
D
where B is a circle with radius p; centered at the origin.
The eigenfunctions and eigenvalues of (47) are discussed
Assume that HI (fx,fy) vanishes outside of a region Ba by Slepian [23] and are known as, generalized prolate
and chooseapiecewise constant weight JW( fx,fy)j 2 .such spheroidal functions. The . Neumann series approach can be I
that applied to the. solution of (45) for an isotropic case as
well.
	 Using	 a	 numerical . Hankel ,transform	 program.,
z _	 1 ,	 (fx,fy) E B 1,	 B 1	BaI(fx'fy}
	
-
A,
the Neumann series was used to increase the attenuation 3
otherwise in the stopband of an isotropic law-pass filter. The results
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the design objectives. For traditional one-dimensional FIR
filter design the weighted least-square approach should bc:
"^'• "''+ rated as a simple and flexible design technique, but without
-
the degree of error control of. the minimax ag	 Aproach.
. —"—F^ls1 ^ppotlmlion
More generally, the techniques .presented here seem
-
--Aflet Fin r«riuMS most useful for nonconventional' and spatial, filters for
Po Id l PrI which the extension of usual FIR design techniques is not
-10 P, : Frl icky Wil thtCbmil::1 P, possible or is too restrictive, In 	 articular, furtherP	 P	 p
': x of the authors with the methods. presented in this .paper
1 show them to be quite attractive in image processing
where more conventional . approaches fail or become com-
putationally . cumbersome.	 .
.r^
APPENDI7C
AD Orthogonality Condition . .
We derive an orthogonality condition for the minimiza-
tion problem of (4) and rewrite for an arbitrary ha(t) and an
' optimum NO),
.., a `i 1 W	 (w(t)*[h,(t) — ho(t) + ho(r) — h.(t)]} 2 dr.
FREQUENCY
m	
(A-)Fig. 7.	 Example of two-dimensional isotropic Ater design.
	 .
t.^ After expanding the square it becomes clear that the neces-
of S iterations with A = 3 are shown in Fig. 7. We obtain nary and sufficient condition far ho(t) to. be an optimal
5 dB of additional attenuation at the expense of a very slight solution is that
increase in the transition band.
Two-dimensional discrete filters can also be designed f	 (w(t)*[ir,(t) — ho(t)]}(w(t)*[ha(t) — h,,(t)]} dt = 0
using the techniques of this paper. Most such extensions
_
`^	 A-2(	 )appear conceptually straightforward,	 but there	 are a
number of cases of . theoretica.l or practical interest to be for any duration limited function hJI). Since h,,(J) is an
examined such as different sampling grid and constraints on arbitrary duration limited function, so is Irb(t) = hp(t) .—
duration. hp(t). If (A-2) is to be satisfied for any duration limited
VII. CONCLUSIONS functions, it should be satisfied for the impulse functionhb(t) = b(; — a) for any a,. I&I S T/2. Thus we obtain
In this paper we cast the problem of designing filters of
finite duration as the problem of approximating desired °c w(t — a){w(t)*[h#) — ho(t)]} dt = 0,	 Ja l 5 T/2.filter characteristics in a weighted least-square sense. This JJ
approach leads to new theoretical results and to math- (A-3)	 ,.
i ematically tractable practical design techniques for con- Let us define
ventional and nonconventional filters. For continuous
filters, the solution. of the optimum weighted least-square.
t — a 3	 d!	 A-4(	 )	 - 13)	 (	 )R
f
ar: — _	 o	 w(	 ). y(t -r, filter in terms of eigenvalues and eigenfurittions made .` ..m
apparent a natural conceptual link between the properties
of optimum windows and the properties of optimum low- then (A-3) becomes
pass filters. Continuous filters can also be found itet itively z z
using the Neumann series without knowledge of the R.(t --	 )h	 ) d R(t -	 P.)ho(p) d(i:' (A-5)
eigenfunctions, m. xrz
In the discrete case, the direct solution of the Optimum . The left-hand side is known for all t and we call it Q(t),
weighted least-square filter is quite. straight forward using then we have an. integral equation to solve frrr,:ta(t), .
matrix inversion if the number of samples is from small .to
_ te. For a large number of samples and in two dime n-moderate.	 tl Q(r) R(r - a)ho(u) da,	 i rl 5 T/2.:	 .(A-()sions,	 successive	 approximations
	
using	 the	 discrete Ttx
equivalent of the Neumann series is an approach both very_
simple and intuitively pleasing. If S(f) is the Fourier transform of R(t); it can easily be.
'- Flexibility in design	 be achieved by adapting the.,can seen that
error weighting function,. in an interactive mode, to rnafeh S(n _ {W(f)1 2.	 (A-7)
^J
-
-
E
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Summary
Ro7iort N. Colwell
7;O ..Water. has - continued to. be the primary resource receiving attention
under our integrated; multscampus study. -- Duriig. the period- covered
L. by th	 progress report, our xes;eaxch efforts. have continued to
be concentrated along the fines set ' . forth, at NASA^ s request, in
am statement of 30 September, 1973.
	
Thus 'we have continued to
} concern ourselves primarily with. the usefulness of 'remote sensing
in relation to two aspects, of.California s water-related, problems:
r„ Cl) those pertaining to water s 	 limy in northern California, (dealt
.. with . pramari.ly by personnel of the Aayis . and Berkeley campuses as
reported upon in Chapters 2a and '2b, respectively); ;and. (2)those
pertaining to water demand in central and southern California (dealt
with primarily by personnEl of the Santa Barbara and Riverside
campuses, as reported upon in Chapters 3 and 4, respectively).
It swill' be evident from a reading of Chapter 5 that our Social
Sciences Group also contributes greatly to the integration of our
multicainpus study as they seek to acquire insights into the. very
'
r
complicated web of factors impinging on the management of California's
water-res:,urces:, 	 Their primary objective in . this work is to learn
how new sources of water-related information can be aucomodated,
by whom; and:fox what purpose.
	 Their work.has done much to
-.
document, in.highly specific terms,.the important fact that resource
f management, decisions do not take ;place in a technological,
..economic, political and social. vacuum but in a real-life, rapidly
^ changing environment,
7.1
.0 The following facts are described in Chapter 1 of this progress
..report;
if 7.1,1 It is important, especially in an area such as the	 state of
California wherein the economy depends so heavily on indigenous
water resources, that these . resources-be adequately renewed each
year.
7.1.2 Although in. California the primary renewal. time (period of precipl-
-cation) normally ls from November to, March there are predictions
Li that California's rainfall: during that period ixi the 1575-76
season will be_only one third as great as in eventhe driest
previously recorded year,	 i.e. three times drier than during any
year,nf the past:century
i.
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7.1.3
	 The impact on.California's economy resulting from such a,dry
i'
^^
season is
 potentially very great since it is generally recognized ` w,t
that %vatex is . the most valuable of all of . Califox^nia l s_ resources.:
7.1.4
	 The impact during any single year of drought is restricted. largely ITi3
to annual crops of the type that are grown without i.rr gatioA
(e;g, most of.;the wheat,::'oats; and barley crops as
.: well as the.
wildly
 id ,forage crops that grow iii CaI fasni a's vast foothills
areas) and to the livestock industry of the state :since such cramps
are the . przmaxy source of feed for Ca iforn a--grown livestock. q
{}Z.1.5	 Should the present -dry season be followed by 'an equally dry one in
^the winter of '976`-1977, however, the damage probably:would'be an
order of magzz rude greatex because this would 'lead almost to.: complete ! `
dep etion of the reservoirs and stibsurface water storage zones.,on
which California's vast irrigated agricultural industry depends `.	 {(and which also satisfies California's industrial. and domestic
demands).... r
7.1.b	 In view of these considerations, it is all the more appropriate and
,
timely that 'the research efforts of our- :integrate'd..study have been 4
a concentrated so heavily on the supply and demand aspects of G	 ^
California's water resources and upon the economic; social:politzCal.
and cultural phenomena of the,-state that are so closely related to p	 ;.
those particular- resources. a	 #
7 .2.0	 As. described in 'Chapter 2, . during: the present reporting' period work
performed by Algaz_et al	 of the,Davis.campus has been concentratedf
on water supply problems and, more specifically, on the application". ,
3	 '. of:' remote sensing 'to.the: inventory and . management of California' s 9
water resources; using the California. Water Project at `:the` pr y
 inary }	 ;;
focus of those studies. .
7 .: 2.1	 Among the specific activities of the Alga xi	 during the period..,group
covered by this rear--t are the following:
a.
	 Sensitivity analyses have been madeof certa'
	
watershed mo&Dls
that: are :amenable :
 to remote sensing inputs .. These an	 es : have ..
., sought to determine	 (a) the effect which. changes in dynamic inputs ,a.
of model parameter information are likely to have on rune ££
predictions, and (b) the oppimum tames for acquiring such inputs,
The group has Mound: that, ,
 for the forecasting of monthly xu»off,
there are . two' factoxs which are the most pexti.nent . 	 These are. (1
reci itation'' at all tries of .the	 ear :arid	 2	 evapotranspiration-P	 P^	 y	 C M
in.the. Spring of the year	 Since. snow Constitutes a, very significant
part of	 alifoxnaa F s total precipiatxon; the forecast and monitoring
1	 ..:.
1
of snowfall and snowmelt can be of especial importance.	 An appendix
r' to. the Algazi chapter gives many details with re spect to thisg	 F	 p
i'== aspect of .his study and it is anticipated that definitive, quantitative
conclusions with respect to the usefulness of remote sensing . in the
monitoring of snowfall and snowmelt Can be included in the annual
. report that is due in May, 1976.
b. _ A substantial study has been. made to determine which parameters
`- definable from 'satellite remote sensing data are most pertinent
Lj with respect to Californi,a t s hydrologic models. 	 This work has thus
far been Concentrated on .parameters Which are most.pertinent to
snow hydrology, and especially to snow ablation. 	 The qualities that
appear to be most important in the modeling of basinwide snowmelt
-" are the temperature,. albedo, topography, areal extent of snow, spatial
distribution of precipitation, and snowcover.	 Since litany of these
l it . factors.can change rapidly with time, the Algazi group has.
t ` undertaken to incorporate satellite data into a physically based,
distributed model of snowmelt in order to improve. runo ff :predictions.
Data used have included NOAH--3 and -4 satellite data.	 Because of
the highly distorted view of the earth provided by such satellites,
geometric correction of that data became mandatory.
	
Although
r	 - unusually :great probl ems. were encountered in attempting to convert
i; numerical NOAA satellite values or counts into earth surface
temperatures, the Algazi group finally succeeded in solving t;s
problem, as documented in Chapter 2a.
c,	 An attempt was made to measu^ •e snowpack albedo, since this factor
`j obviously has a close relation to snowmelt. 	 Preliminary results
indicate that of the remote sensing data sources currently available,
LANDSAT band 7 data.will provide the best indicator of albedo at the
level of resolution desired.
	
(NOAA satellite thermal infrared
data would be preferable ,except that the resolution of such data is.
I(f only 0.9 km and thus is not sufficiently detailed). 	 Investigations
i also are underway by the Algazi group to study the changes with
time in the albedo of selected snowpack areas. 	 Modifications' in
albedo values attributable to relief and vegetation cover,.area -by-area,
also are being studied.
d.	 Correlations between estimates of areal extent :of snow; as obtained:
from LANDSAT data, and those, obtained from NOAA satellite (visible
'Lj. band) data also. are being. established by the Algazi group,
e..:	 Te.thni4ues for the processing Qf digs tal remote .'sen:sing data, have
been investigated by the Algazi group during the present reporting
period' but only with moderate' success
	 thus far.
	
Specifically,
7-^
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a,
because of the high correlation both spectrally and spatially in
LANUSAT-type data . the Algazi group is attempting to achieve
various combinations of such data. 	 Such. a capability could also 4 t
constitute an important first step leading to the combination of.
LANOSAT data with data acquired from NOAA satellites and from
certain other remote sensing systems.	 Some geometric correction
algorithms have been developed. 	 Also, in an effort to derive sub.;-
pixel information the Algazi group has made progress in interpolating.
between pixels.
	
Finally, in an effort to remove the highly
troublesome noise in NOAA thermal infrared data, the Algazi group
has derived. a means, analagous to the one which they previously
developed for use with LANOSAT-type data, for removing noise from
the NOAA data. T
7.2.2	 paralleling, and closely integrated with the work of the Algazi
group has been that of the Remote sensing Research Program on the
Berkeley campus, as summarized below:
7.2.2.1	 Snow Quantification Technique Development
a. A different. means of measuring areal extent of snow has
been tested by this group than is tradiationally used:
They make this determination by using a two stage statisticalr	
estimation procedure -that allows.the final estimate to be -
interpreted for its accuracy. Various factors which affect
the apparent presence of snow, such as vegetation type,
elevation, and aspect are accounted for in this estimation '-
procedure to give the correct estimate. 	 The results . , of the
areal extent of snow estimation are then used, in part, to
generate the second key parameter, snow water content.
b.	 Snow water content is estimated by integrating estimates
°-	 of areal extent of snow, as described above, with ground
measurements collected on several snow courses used by the
California Department of Water Resources. 	 The final snow
water content estimate is based on the statistically derived
correlation between the areal extent of snow information
and the 'ground ,data. 1
c.	 Analyses of the relative cost effectiveness of the
rocedures 'p	 just described have shown that such procedures
are significantly more cost--effective than.those currently
being used.	 Furthermore the designsused to develop the
manual nterpretat ox^ alaproach can be..used in. the:fu^ture to ^	 1
develop an integrated approach to'computf =aided arial,ysis of
the snowpackparameter.
_
E,I	 FF^
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	n	 d. Once the computer-aided estimation systems have been
	
t,	
developed, the digital nature of.LANDSAT data as well as
the inherent consistency and speed of electronic analysis
can be used to full advantage in providing accurate and
timely.snowpack parameter estimations for inclusion in
water runoff prediction equations. The possibility exists
for manual automatic analysis where the interpreter may
analyze a computer generated enhancement,.thus making
optimal use of the complementary capabilities of the humans
and the computers.
e. In many cases the method just described for estimating
areal extent of snow can already be considered operational.
However, some additional research is needed to present to
the potential user a choice of the level of sc.phistication
and accuracy that he needs or can afford.
f. The Berkeley method not only corrects the interpreter's
snow areal extent classification to photo/ground values
based on testing results, but also.minimizes variations in.
final classification results between interpreters. Thus a
consistent result can be expected even though areal extent:
of snow estimation is performed on different areas by
different interpreters.
g. Snow water content estimation based on remote sensing
techniques shows promise of providing more accurate, less
	
'J	 costly and more timely estimates of water.runoff than have
heretofore been possible. Currently .the California
Cooperative Snow Surveys, a state agency involved in water
supply forecasting, is cooperating in this research. It
is anticipated that the resulting procedures will also be
tested with the Federal-State River Forecasting Center's
water yield model via a coordinated effort with the U.C.
Davis Algazi.group. Beneficiaries of this information
would include users of snowmelt runoff water, such as
farmers, ranchers, industrialists and homeowners. Improved
knowledge regarding the future ava.i:labiiity of :water for
these groups Mould statistically tend to reduce monetary
losses incurred by their often erroneous assumptions that
either more or less water would be available,
r, h.. Briefly stated, the LANDSAT-aided snow water content
estimation system.developed by the Berkeley group involves
the use of a stratified double sample. Its '.,bjective`is
to combine snow water content information ; for the whole
	
j ,	watershed (as obtained inexpensively from LANDSAT data),
with that ;gained from a much smaller and more expensive
sample of ground-based measurements at snow courses.
Details of the procedure are as described in section 2a.2.2
of this report. Results to date indicate a correlation
coefficient of .8 to .85 between LANDSAT snow water content
bd	 d'	 dindex data on a sample unit as ps an correspon Ong groan
snow water content measurements. Two-fold improvements 	 °•
in the cost of precision of estimating basin-wide snow
water content seem probable using LANDSAT--aided versus
con•ventional snow course measurement systems. 	 <.
i, The findings are further enhanced by the fact that
snow water runoff is one of the major sources of water supply
within the California mater Plan, as well as in many other
parts of the world. Improved methods of identifying, mon-
itoring, mapping, and modeling our snow water resources
at this time can lead to improved methods of predicting and
mi:tnaging this resource in the future.
-
7.2.2.2 Estimation of the Water Content of Snow.
a. The primary objective of the "RSRP Snow Water. Content
research is to determine if LANDSAT data and a small calibrating
sample of snow course measurement data can be readily integrated
into operational snow quantity estimation schenes. The goal
of this integration would be to provide less costly, more
accurate, and potentially more frequent estimates of watershed
snow water content than available through current forecasting	 -
procedures.	 at
b. A second objective of this study is to determine if this
remote sensing-aided snow quantification approach will yield
more accurate, less costly, and more timely (i.e. quicker)
estimates of water runoff. 	 i
c. The results obtained to date indicate substantial potential
cost and/or precision advantage to be gained by use of
conventional ground measurement snow course data integrated
in a double sampling framework with LANDSAT-derived information. 	 -^
d. It is expected that further improvements in the precision	 t
of watershed-wide snow water content estimates can be obtained
by optimizing image sample unit size and utilizing more rules
decision, (whether manual or computer-mediated) that are
specific for the snow accumulation/snow melt environment.
r	 i
s;
e. One biproduct of the LANDSAT-derived image sample unit
data is an_in-place.mapping of snow water content with
respect to known melting environments and stream channels.
Such time- andplace-specific snow . melt records could be
used to aid in the selection of new snow course sites or in
the placement of automatic snow sensors. Snow pack and
relative stream channel position data could also be used in
refined models of runoff timing.
f. Human and automatic analysis of daily environmental
(meteorological) satellite data, when correlated with less
frequent LANDSAT and ground data, offers tho possibility of
extremely frequent watershed snow water content updating.
g. Hydrologic models of the future will conceivably integrate
remote sensing and meteorological data with automatic ground-
based snow sensing equipment. Real-time information
eventually could be generated for entire watershed or
subbasins, depending on the need to assess the overall impact.
of a major storm or of a minor subdivision.
7.2.2.3 Comparative Cost-Effective Analyses of Procedures for
Estimat4rg Snow Water Content.
a. The side-by-side comparison by RSRP personnel of the-
operational and LANDSAT-aided snow water content estimation
systems was facilitated by a blending of statistical and
economic theory. Multistage sampling enables an investigator
to calibrate a large number of low-cost orbital observations
with a small number of ground-based observations. Optimal
sample sizes were derived during the present reporting period
using a stratified double sampling scheme.
b. Design and evaluation of a LANDSAT-aided approach to snow
water content estimation required a thorough examination of
the currently operational system. The California Cooperative
Snow Survey (CCSS) program, the principal source of water
supply forecasts in California, was examined both qualitatively
and quantitatively.
c. Use of the allowable error (AE) formulation described in
Chapter 2b permitted RSRP personnel to make a direct cost-
capability comparison of the two snow water content estimation
systems. For the LANDSAT-based sample sizes, AE's were
calculated for monthly direct cost budgets of $1,000, $3,000,
$4,400, $5,000 and $7,000 at confidence intervals ranging from
80% to 99%. For the CCSS system of snow water content estimation,
Y
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AR's were calculated at four confidence levels on a Monthly
direct cost budget of $4,200. Results for the 95 percent
confidence level . were derived. They appear ir. Figures 2b-2
and 2b=-3,
d.. At the $4,200 budget ^eve3,'the LANDSAT-aided snow
water content estimation method produced results approximately
1.8 times more precise than the existing system.
e. In general, the ANDSAT-aided system yielded relatively
precise estimates of total watershed snow water contenr^. For
a $4,200 . monthly budget, this approach estimated true basin
snow water content to within + 3.6% ninety-five 'times out
of a, hundred.
	 W
f. The precision of basin snow water content estimates could
be. improved still further by using techniques that increase
the correlation-of orbital to ground snow water content
estimates. Smaller image sample units, more environment -
specific snow class interpretations, and automatic processing
of satellite digital data are some of the more promising of
these techniques.
7.2.2.4 Remote Sensing-Aided System for Estimating Evapotranspiration
f
v_
a. In view of the overriding importance of evapotranspiration
to accurate basin water yield estimation and to other water
consumptive use determinations, any cost-effective, precise
evapotranspiration estimation system would be of significant
utility to a water manager.
b. Remote sensing techniques may provide the key to such a
system's data requirements. Its timely, spatial, and relatively
inexpensive nature when combined with other conventional
meteorological data can potentially give rise to accurate,
location-specific.estimates of evapotranspiration.
C. Current water yield estimation procedures such as the
California Raver Forecasting Center model can incorporate
evapotranspiration estimates. It is therefore important to
develop a remote sensing-aided methodology for the accurate
and efficient estimation of watershed evapotranspiration.
d. The remote sensing--aided system developed by RSRP to
estimate evapotranspiration is . designed to give timely,
relatively accurate, cost-effective evapotranspiration estimates
on a watershed . or sub-watershed basis. The system employs a
basic two stage, two phase sample of three information
resolution levels to estimate this important water yield-water
use related quantity.
{
i?
3f^
3
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e.	 A necessary documentation of assumptions, structure,
and limitations of current evapotranspiration models has
been performed.	 Based on this analysis recommendations
r have been made concerning the applicability of these models
to evapotranspiration estimation at various information
levels correGponding to given stages and phases of the
sampling design.
f.	 Based on the foregoing design, documentation, and 
feasibility analysis, work is nowY	 Y	 ^	 proceeding to implement
the remote sensing-aided system.
	
Effort will be focused on
refining the sample design, developing in detail the supporting
r ; data flow mechanism, gathering additional data, and modifying
the evapotranspirationmodels for their respective information
77 levels.
'	 - g.	 These modifications will be based on the performance of
the proposed ET models at their.information resolution level.
;^7 Model performance will be evaluated relative to observed
j. evaporation data and point-estimations of actual evapotranspiration
data.	 These point estimations of actual ET data are based on
energy-balancf, utilizing the measured values of the input
variables on the ground.
h.
	
The input data for models requiring spatial information will
be provided by a computer-aided databank. 	 The RSRP software
for this databank, known as MAPIT, will allow a geometri-
cally coincident combinatio,i of LANDSAT-related data,
environmental satellite data, ground meteorological station
data, ground sample unit information gathered by RSRP
and others, and topographic data.
	 ?
i.	 Input data sets and evapotranspiration estimate output
w'll be coordinated with concurrent sensitivity analyses of
State o.' California water Yield. models performed jointly
by the Davis and Berkeley NASA Grant groups.
I
.	 1
t
j. The final product will be a documentation of any
improvements in accuracy, timeliness, and cost considera-
tions for the determination of water yield. attributable
to the remote sensing-aided evapotranspiration estimation
system. Results will be specific to the state-of-the-art
hydrologic models under examination.
7.2.2.5	 Remote Sensing-Aided System for Estima`.ing Impervious
Surface Area eJ
a.	 The water impervious surface area (ISA) is an important
parameter in estimating water runoff.	 ISA's may be ".
"-	 described as those areas which exhibit almost instantaneous
runoff into adjacent areas and stream channels when precipi-
tation occurs.
b.	 The method employed in this phase of the RSRP study has
'	 been designed to accurately and cost--effectively estimate i
the hard, meadow and soft ISA's of a representative area
in such a manner so to be statistically applicable in water-
yield estimation models.
c.	 This investigation has developed a multistage sampling
technique for quickly utilizing available LANDSAT data
to estimate ISA in a manner compatible to use in other water
outflow studies.	 Based on the methods described in Chapter,t
21, of this report, an ISA estimation for an area of 536 km2
may be done within a period of 10-12 work hours.
d.	 ISA estimations to be used in a PSA study may require
somewhat longer, but still remain within a period of 24-26
work hours,
e.	 Neither of these limitations includes acquisition of
ground truth data or time spent locating and processing imagery,
each of which consumes a greater portion of time than the
actual analysis.	 In addition, each will vary _:onsiderably
with one's "on-hand" available resources. T{
^s
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r, 7.3.0 During the current reporting period, the G eography RemoteSensing Unit, (GRSU) on the Santa Barbara Campus has been
concentrating its research effort on the ;Following water
demand related topics:
a.	 An.analytical and empirical analysis of those variables
L_J which have a significant effect on a remote sensing
agricultural water demand prediction procedure;
r-,
b.	 The development and/or refinement of manual and semi-
'	 ;1 automatic remote.sensing techniques to extract data
relevant to these variables;
c.	 Comparison of remote sensing techniques for acquiring
information on specific.water demand related parameters
with conventional methods to draw conclusions regarding
cost-effectiveness;
d.	 An experimental water demand prediction for Kern County
., Water Agency hydrologic model nodes in the Wheeler
Ridge-Maricopa Water Storage District to assess the
semi--operational utility of proposed remote sensing
procedures; and
e.	 Initiation of research to determine whether water demand
` prediction procedures created for a semi-arid environment
can be effectively applied in more temperate climatic
regions, requiring slightly different water demand
1 parameters.
7.3.1	 GRSU-points out that a recent study dealing with the Total
Earth Resource System for the Shuttle Era identified two high
priority remote sensing missions as being:
a.	 survey and monitor U.S, cropland to calculate short-and-
long run demand for irrigation water;
b.	 survey and inventory the-volume and distribution of surface
-' and groundwater to assess available supplies for urban
and agricultural consumption.
7.3.2	 In order to develop a remote sensing irrigation water demand
prediction methodology a representative region was located which
possessed a sufficient range of environmental parameters, both
physical and cultural, to accurately gauge the success of the
proposed techniques. 	 Kern County, California, was selected
because:
a.	 It is one of the major agricultural counties in the United
States with an estimated value of direct farm marketings
in 1974 of over $700,000;00.0;
b.	 This production is primarily dependent on the irrigation
of about 356,000 harvested hectares (990,000 acres); and
l	 l _J_	 I_	 l
c. To support, this level of agricultural production,. Kern
County will consume over 660,000 acre--feet of California
Aqeuduct water alone in 1975, at a.mean cost of $20 per
acre--foot.
7.3.3 The interface of remote sensing-derived information with the
present Kern County groundbasin model should facilitate a
near real-time prediction of agricultural water demand, thus
enabling the Kern County Water Agency to anticipate:
a. The total amount of water demand (ground and/or imported)
on a seasonal basis;
b. The amount of imported water available and/or demanded for
groundwater replenishment;
c. Possible water exchanges and rerouting alternatives
7.3.4 During the present reporting period, the GRSU, identifying those
input parameters amenable to remote sensing and in turn
concentrating on those parameters which carry the most leverage
in the water demand prediction, sought to develop remote sensing
techniques and methodologies to meet the KCWA models' data
requirements. This effort has now progressed to where, in the
near future, data derived from remote sensing will be utilized
in a dedicated model run and the results compared to a similar
run based solely on conventionally derived data.
7.3.5 The GRSU analysis shows that, for each 1% of increased efficiency
in the application of irrigation waters resulting from the use 	 1
of imporved data in the hydrologic model, approximately 12.5
additional sections could be brought into production. An
addition of this magnitude would represent a. crop value of
approximately $6,250,000 per year. In view of , such 'values, some
comparative cost analyses between conventional and remote sensing
techniques have been documented.
7.3.6 In addition, a substantial research effort is currently being
directed by the GRSU at determining the cost-effectiveness of
the remote detection of several other parameters i.e., croptype, 	 -_
soil salinity, and perched water. It is hypot:lesized that in	 r
addition to being cost-effective in their own right, several
of these remote sensing procedures may also help increase the
efficiency of mandatory terrestrial data surveys by creating
a more accurate stratification plan for sampling or mapping. 	 ^=
7.3.7 GRSU research on the development of remote sensing techniques
for the generation of water demand statistics is leading to a
remote sensing/user agency data flaw as illustrated in Chapter 3.
In such instances, remotely sensed agricultural acreage and its 	 -
3
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inherent components (i.e., croptype, fallow, double cropping,
etc.) afire extracted (classified) primarily from LANDSAT data
which has had supervised training sets defined. The irrigation
rates from auxillary data are refined through remote sensing
(i.e., croptype, pre-irrigation, salinity leaching requirement).
These two data sets are then interrogated to yield the output
irrigation water demand prediction statistics. These statistics
are then used by the user agencies, i.e.., KCWA, Water Storage
Districts, agribusiness concerns, etc. to optimize the water
management decisions discussed earlier.
7.3,5 A short term objective of the GRSU research is the quantification
and rank ordering of the individual variables involved in
water demand prediction. In addition to crop specific effects,
the - other variables studied to date include: fallow land, double-
cropping, and pre-irrigation. These variables have been selected
for study because of their anticipated importance and/or their
amenability to study using remote sensing techniques. It is
anticipated that water pricing policies and soil type effects
will be analyzed during the next reporting period. All of
these variables affect either the acreage estimate or the irriga-
tion rates, the two basic 'aputs of the water demand prediction .
procedure.
7.3.9 A longer term objective of .this research is the development of
techniques to accurately predict total irrigation water demand
and to determine its source. 'These techniques are being developed
to operate on a nodal scale as required by the KCIYA model. At
present, the water prediction techniques are being developed
using high altitude photography, LANDSAT imagery; and field
survey crop maps. However, the project is oriented towards the
development of cost-effective techniques using LANDSAT imagery.
The imme-?iate goal of this phase of the study is to quantify the
effect of selected variables on the accuracy of nodal water
demand predictions and to identify those remote sensing techniques
and methoLologies which will facilitate the.inclusion of these
variables in a water demand prediction procedure.
7.3.10 During the present reporting period, GRSU has investigated each
variable (i.e. crop type, fallow land, pre-irrigation, and double
cropping) individually to quantify the particular effect on the
accuracy of its inclusion or exclusion in a water demand predic-
tion procedure. For most variables, the effect on accuracy has
been quantified for both of the two basic prediction methods, one
using cropland data and the other utilizing crop type data.
y ^4
i
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Predictions generated from two procedures, one utilizing crop
type data on a nodal basis and one using just cropland (i.e.
agriculture/nonagriculture) have been compared in order to
quantify the increase in accuracy due to.the inclusion of
crop type data in the water demand prediction. Predictions
have been made for each of the 40 nodes in the Wheeler .Ridge-
Maricopa Water Storage Distract for the years 1972; 1973,'and
1974. It was found that the inclusion of crop-type data
significantly increases . the district-wide mean.nodal water
demand prediction accuracies by 6.3% for the three years
studied; much larger impacts are possible and have been noted
in the Lost Hills District.
1	
..
7.3.12 In a water demand prediction procedure using cropland data, the
inclusion of fallow acreage in the cropland (irrigated)
acreage estimates will result in an overestmati.on . of crop,
acreage, and therefore an overestimation of water demand.
9
The change in cropland water demand.prediction accuracies with
and without fallow data have been computed by GRSU for the
Wheeler Ridge-Maricopa Water Storage District for the years
1972-1974. The overall increase in water demand prediction
accuracy for the three year time period was found to be 7.90.
:.i
7.3.13 GRSU also has'. investigated the . 'effect of pre-irrigation
P
	
	
information on water demand prediction. accuracies., (Pre-irrigation
is the preliminary application of water to new cropland, primarily
:y
	
	
t0 increase the soil moisture to a sufficient ,level for the
first planting). The effect of the inclusion of pre-irrigation
data on nodal predictions made with cropland data has been
calculated for the Wheeler Ridge--Maricopa District for the years
1973 and 1974. Water demand due to pre-irrigation has been
estimated by multiplying the pre-irrigated acreage by an annual
Kern: County average pro--irrigation rage. The increase, in
accuracy with the inclusion of pre--irrigation data for these two
years was found to be 2.8%.
7.3.14 In still another study the GRSU at -6anta Barbara studied the
effect of multiple-cropping information . on water demand prediction
accuracies. (Multiple .croppng is the presence in one field of
two or more successive crops which complete all or most of their
phenological cycle within one year.) 	 The occurrence of
multiple crapping in an area effectively increases the,cropped
acres in an area by a factor of two or more ., and thus,
significantly increases the water demand of that area. In a
water demand prediction procedure it is necessary to include data
on multi-cropped areas in order to prevent underestimation
of the water demand. The increase in water demand prediction
7.3.11
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accuracy due to the inclusion of multiple cropping information
in a prediction made with cropland data was found to be 2.8o for
1974. The effect of the inclusion of double -cropping data on.'
nodal predictions wade with crop type data also wascalcurlated.
The result was a district-wide mean nodal increase in percent
accuracy of 3.6%.
Also during the present. reportiAg period the GRStJ, in cooperation
with KCWA, has completed an indepth analysis of the accuracy
and cost--effectiveness of remote sensing techniques for acquiring
cropland data. Over 184,000 hectares (456,000. acres)sneawly. one
third of Kern County's agricultural lands,have.been inventoried
by: 1) terrestrial investigations conducted by cooperating water
districts, 2) photo interpretation of high altitude color
infrared photography, and 3) image interpretation of LANDSAT
multispectral imagery. Analysis of the data generated by these
inventories provided the basis for accuracy and cost-effectiveness
comparisons. Cropland information collected in connection with
this study is required as input to the grouadbasin hydrology
model of the San.Joaquin Valley portion of Kern County.
Before remote sensing techniques could be used to generate
meaningful inputs to the water demand model.that had previously
been devised, it was necessary to determine exactly what types..
of . inputs were likely to be useful. This analysis concluded
that the most dynamic element of water movement into and through
the Kern County groundwater basin occurs as a result of the
application of irrigation water to agricultural lands.
7.3.17 To test the potential of remote sensing for providing cropland
information as a model.input, research was directed towards a
comparison of several methodologies which employed remotely
sensed data and conventional ground survey techniques. This
research documented both relative and absolute accuracy as well
as the cost--effectiveness of inventorying cropland by:
a. Conventional terrestrial methods
b. Color infrared high altitude (1:125,000)
photography
c. LANDSAT (1:1,000,000; band 5) imagery
In this study it was found that the high altitude cropland
inventory had mean relative and absolute errors . of.0.3a and 2.90
respectively. The mean relative error for LANDSAT cropland
inventories was found to be less than 1%, while the mean absolute
error was 2 110. This is significant because even though the scale
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has been decreased and resolution degraded when :compared to
µ	
'}
I:12S,000 photography, the LANDSAT. technique. is capable of
:y achieving a comparable, and . in' this case study even slightly
higher, absolute accuracy, i.e. 98o versus: 97 o.-
	
This as
attributed to the multitemporal'characteristic of LANDSAT
and its ability to provide adequate resolution for many dates
: throughout . a growing season. It was also found in these studies
'a that, the remote sensng"cropland inventories are cost-effective,
Compared to the $62--66 cost per 4, 050 hec for the DWR and :.
..Water District cropland inventories, the high altitude and
LANDSAT inventories required only 3-50 of this amount, i.e.
$1.97 - 2:95 per 4,050 hec.
	
The mean time for the DWR and
Water District inventories. was 235 hours while the remote sensing
inventories required only 12 hours.	 This represents a 95a
reduction in time when croplands are inventoried using high
f altitude or LANDSAT techniques.	 Cropland data generated bQ	
p	
g	
y
y 
these techniques is now being regularly input into the KCWA
hydTology .model.	 Current research is documenting the utility
and cost=effectiveness of remote sensing techniques, based
primarily upon LANDSAT imagery, for providing specific crop -
type information as an additional . model input to predict
water demand.
7.3.18	 In October, 1975, the Kern County Water Agencyproposed an
arrangement with GRSU whereby a phrto interpreter would be hired
by KCWA on a part-time basis to provide quarterly cropland
t acreage statistics for input to the MIA hydrologic model. 	 This
KCWA employee will be trained by GRSU to utilize the LANDSAT
cropland inventory technique previously described. 	 3ased on
problems encountered as the technique is transferred to the ..
e agency, a cropland inventory "cookbook" . .is being prepared as . a.
NASA document for the benefit of other user agencies.
7.3.19	 The ability of the GRSU to register and interrogate LANDSAT L^ i
a Computer Compatible Tapes (CGT's) has nearly reached operational
status.	 However, hardware delays have necessitated the use of
video (analog) densi;tometric extraction techniques. - When CCT's ^.0
can be utilized by our image processing system, the.improvement i
r
in radiometric accura.y should result in.improved classifica `_
tion accuracies.	 GRSU's video image analyzer is currently
z being.' integrated into the UCSB Computer System Laboratory's
(CSL) Interactive signal Processing:System thereby Pxpandiriggour
image processing eapabilif es.	 This digital image '. rocessirt
system will facilitate the use of various automated and semi-
automated techniques , for data extraction and analysis:
J
r
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rL	 7.3.20:	 A separate study was conducted by; GRSU to determine the feasibility
of identifying . crops in the San Joaquin Valley from LANDSAT imagery.
Although "apparently not as accurate as expected, the LANDSAT
based classification resulted in more accurate water demand pre-
,r dict ons=than the conventionally derived. field predictions.
^.	 Qf. the fields. incorrectly classified, the lowest class assigned
Lj	 probability was .914, suggesting the very real possibility that
the LANDSAT classification may be:"more accurate than the field
map.: The remote sensIng crop identifiedtion procedure used in this
study can be employed by any user having access to simple den-
sitometric equipment and	 discriminant analysis classification
algorithm.	 Further research will investigate the usefulness: of
other algorithms [>ncluding the maximum likelihood algorithm of
LI LARSYS) for identifying crops in Kern County.	 Specific counti_nuing
research topics include the Value- of per-field-versus pixel-by-
pixel classification, and signature . extensions, both temporally
i 7	 artd spatially. • The results of this research yi.l'l have'.a si:gi if cant
impact ,upon the findings. of our cost--benefit analysis of
y	 operational remote sensing programs for. crop identification and
L,.
rconsequently. for water , demand estimation.
7.3.21	 A closely related M. U study during the present -reporting period 
^d	 dealt kith cloud cover considerati_ons . in relation to the making	 ];
of"crap inventories from LANDSAT data. 	 In applying this	 #
methodology to a cropland inventory in Kern County, June 1 to 	 3
September 30 was judged to be the optimum time period to
acquire imagery. 	 To study the utility.of , single versus multiple
satellites, cloud cover probabilities were calculated for l to
 3 satellites each on a.different 18 day cycle. 	 For the semi.--
grid San Joaquin Valley it is 99'0 probable that up to 3 usable
dates of LANDSAT imagery will be available in-any year between
June 1 and September 30.	 This high probability is possible with
just one satellite.	 Cotton inventory and plowdown monitoring.
requires information between December 1$ and June 14 to meet 	 a
^.	 California State Department of Food and.Agriiculture information
needs.	 Because.imagery is required throughout much of the winter
and spring (December 15=June 14) of'the year for phis
inventory, the probability. of obtaining 1 to 3 usable 'dates is
;;. consiaerably lower.	 In. this instance; the use of more." satellites
or more frequent.overpasses would increase the probability of
.	 acquiring the -20 o cloud cover information quite significantly.
7.3.22	 Anaddit onal water-related study current ly being undertaken
a
-	 by GRSU, deals with remote detection of perched water and
salinity.	 Perched water tables and excessiv e soil salinity are	 j..	
highly correlated in their spatial.,distribution 	 the former
being largely responsible for the. latter. , '.Due to this relat ion- .'
ship, what were previously <separate investigations are now	 a
reported in an integrated manner.
y 9
7-17
More specifically, the subjeet of this research is.the various r'
soil factors influencing the creation ofshallow -'1perched1+
'	 water tables, and associated soil problems, especially saliniza- t
ti.on.	 Soil drainage, in general., is. being examined but the
J,
	 focus is on perched water tables, specifically those present In
Kern County, California.	 Several methods for remote detection
<	 and monitoring can`be put forth: 3.
a.. direct detection of . soil moisture by passive
and active microwave systems;
b. indirect detection of soil moisture by thermal
infrared systems {
C. surrogatie detection. in the near infrared .
region from high altitude photographic mapping
of soil types and salinity conditions often
r	 associated with perched water. tables.
7.3.22.1	 The -direct detection of soil moisture using LANRSAT 1
imagery has also been examined. by the GRSU but due
F to the sub-optimal wavelength regions currentlyF
available (in terms of soil moisture detection) such
imagery requires extensive calibration and supporting
ground.truth
E	 7,3.22,2	 Based on previous research conduct ed by the GRSU it
n
I
has been demonstrated that an image . created..by a
S passive microwave radiometer is. highly correlated
t	 (r	 .98). with the soil moisture of bare soil. 	 This
imagery is currently being acquired for GRSU, under i y
contract research by the China Lake Naval Weapons
Center.	 Surface soil moisture distribution patterns
could be an important surrogate for identifying near
surface water tables. 	 The rationale for this
relationship involves both the slower drainage
characteristics and the upward movement of water via
.	 capillary action.
7.3.22.3	 Based on visual examination of recently acquired radar:
imagery it appears that backscatter associated with
surface roughn:ss'(i.e. soil texture, crop canopy, i	 a
row direction, etc.) may influence the radar return
G. to such a degree that the derivation of accurate. soil
-^
i
moisture data may be difficult, except for possibly
bare soil. fields and instant!	 of standing water.	 A
_.
day and night thermal infrareu inission covering the i
.
known perched waver regions of Kern County has also
been planned, approved,. and currently awaits the
operational status of the NASA Ames Thermal Scannr-.	 The
rationale. behind this overflight is. that the surface
temperature and/or thermal i)^ertia`of'soils should
allow moil moisture to be Estimated: 	 It is anticipated I
that variations in soil moisture may then prove useful k
in monitoring the dimensions. of perched water table.
r	 areas in Kern Counmty.
_
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7.3.22.4 The GRSU has previously mapped suspected perched
water tables using NASA (1:125,000) color infrared.
photography.	 Though encouraged . by initial. results
(i.e.. approximately 600 overall . accuracy for
identifying subsurface water c 20' below the surface)
it has been difficult to improve accuracies using
such photography.	 The primary discriminant of near
infrared imagery is related to its ability. to identify
the or	 or
 y	 yp	 g	 ganic clay soil ty os (a	 ood surro ate f
` perched water tables in Kern County) and standing
water occurring where the water table extends to the
soil surface.
	
Such photography has no direct
capability to detect subsurface water.
7.3.22.5
	 Color infrared photography has proved useful for
detecting saline soil conditions in Kern County,.:
i Perched water tables are' a common cause of saline
conditions; therefore, such conditions may prove
useful for generally delineating areas with drainage
problems;
7.3..23	 During this reporting period the GRSU also has studied the
feasib?iity. for the remote detection of soil salinity in Kern
County:
	
At present, conventional techniques der gathering"
..
salinity data in agricultural environments involve costly field
sampling procedures.	 GRSU is developing a remote sensing
methodology whereby salinity data may he generated on.a per-
field basis from high altitude photography. 	 Such data can.
serve as input to hydro?ogy models by providing an estimate
of the amount of water necessary to effectively leach saline
soils.	 'Iris could result in keeping more land in economic
production and/or facilitate the prediction of agricultural
yield decrement and dollar loss due to salinity. 	 Kern County
`J Water Agency is particularly interested in expanding the present
..groundbasin model.to perform salty balance computations.	 The
s initial correlation with conventional ground truth data and the
"deviation from normal field density values" re"ulted in an
encouraging positive Correlation coefficient (r =-.79) for
13 . intensively sampled cotton fields .total ng. approximately 1500
acres.
r, 7.3.24	 A Santa Barbara County crop type inventory has been initiated by
- °GRSU on a $4,040 matching fund basis.: with. the .Santa Barbara .
County Water Agency.	 The investigation is attempting to identify
problems associated. with the accurat • and cost-effectiveness of
high altitude and/or LANDSAT. crop la.=i	 and croptype inventories
in this non-arid environment.. A countywide ground truth survey
o£.
 the 1975 field-by-field 	 croptype has been completed as
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the initial phase of the project using color infrared aerial
photos.. This information will serve the dual purpose of
providing an accurate data base for:
	 i
a.the investigation of the potential of LANDSAT 	 T
imagery for future cropland and croptype
inventories;
b.Phase I of the Santa Barbara County Water Agency's 	 -
1975 Water Resource Planning Program which includes
a determination of currcnt water demand, as well as
.a projection of future water dea..qnd.
i
The final product of this study will be the development of a 	 4-
methodology that can be transferred to local agencies for cost-
effective cropland/croptype inventories in Santa Barbara
County, hopefully from satellite imagery. To this end, a 	 t
detailed record has been kept of the time, cost, procedure, and
accuracies involved. The priority use of crop type data is for
water demand prediction but will be utilized in numerous modes
by other county agencies.
7.3.25 Research on groundbasin permeability, as reported in Chapter 3
of this Progress Report, was conducted by GRSU personnel as part. 	 4.
.of a study by the Santa Barbara County Office of Environmental
Quality to revise previous estimates of the Goleta Basin's
safe yield. The initial stage of this research involved the
detailed delineation of permeable and impermeable surfaces on
low altitude conventional black-and-white photography. Impermeable 	 -.
surfaces were broadly defined to include roads, parking lots, etc.,
while permeable surfaces were more specifically categorized as
to their type. This information was manually transferred to
overlays and automatically measured by a video image analyzer
capable of density slicing and digital planimetering. Accuracies 	 f
and casts associated with this technique have been documented
and compared to more conventional approaches.
Trained image interpreters were employed to classify and categorize
data present on the black-and-white photography, scale 1/7200,
The interpreters were asked to classify the various land uses into
four categories, viz. lawns, irrigated agriculture, natural
vegetation, and non--permeable surfaces. The procedures developed
and utilized in connection with this project proved highly
efficient, requiring less than one day of labor to extract all	
^f
four class area estimates, on a grid basis,for the entire ten
square mile study'region.
pr.
It is concluded that this research has documented an effective
methodology to accurately generate quantititive urban ground-
basin data-useful for determining safe yield values. The
extensive amount of accurate data generated by this project from
low altitude photography has provided a reliable basis against
which automatic techniques, based upon high altitude color infrared
photography, can be evaluated. Analysis of the imageinterpretation
results by the cooperating user agency, the Santa Barbara County
Office of Environmental Quality, has just begun. As close
user-researcher contact has been maintained throughout this study
a favorable user response is anticipated. If successful, such
approaches will significantly reduce the time and effort involved
in generating permeability data, an important aspect in determining
urban hydrology dynamics.
7.4.0 In chapter 4 of this progress report remote sensing scientists of
the Riverside campus report on their continuing work with respect
to water demand.
7.4.1 They have sought primarily to determine the extent to which
remotely sensed data sources can provide cost-effective information
relative to the demand for water resources. It is in light of the
general water resource allocation problems'of Southern California
that several planning techniques are being applied (by the
Riverside group) which rely heavily on NASA remotely sensed
imagery. Included are specific investigations which evaluate and
demonstrate the use of remote sensing for estimating water demand
for the Upper Santa Ana River Basin.
7.4.2 Another important resource investigated by the Riverside group is
the Southern California coastal zone where population pressure
for housing and recreation competes with any attempt to preserve
the ecological balance of a fragile resource. In a way, the coastal
zone is just another extension of the complex California watez
resource management problem.
7.4.3 The use of high altitude remotely sensed imagery to determine long-
term water dgmand through analysis of land use is proving to be
most effective. The California State Department of Water Resources
(DWR) has, for many years, forecasted long-term water demand by-an
empirical model that utilizes net land use as the driving parameter.
The results of research conducted by our U.C. Riverside remote
sensing personnel have both improved the model in accuracy and
provided rapid output of results.
7r
7.4.4 The development of water demand information for the Upper Santa
Ana River Drainage Basin has led to three related studies.
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a. A machine-assisted land use study. (This is necessary
because how the land is used constitutes the driving
factor in modeling where and how the water is or should
be used, as"well as how this mix changes through time.)
b. A population-oriented study which entails stratification
of the area based on per capita water use and population
density.
.-s
c. A study of the temporal aspects of water demand for
agricultural purposes in this area (as a demonstration,
two projects are being carried out, as described in the
following paragraphs.
^.I
7.4.5
	
	 In order to demonstrate the applicability of high altitude (e.g.
U-2) sensors for land use data acquisition, a test site was selected
by the Riverside group in which a major land use mapping effort
was carried out, utilizing NASA high altitude data sources. The
purpose of this effort was not only to map the land use but also
to systematically organize the information so that areas could
easily be calculated, a variety of maps could be drawn and the
data base easily updated from subsequent imagery. Preliminary
findings show that a single high altitude (NASA U-2)image can
replace many low altitude images and yield far less distortion while	 '!
permitting much faster data reduction to determine water demands
in the Upper Santa Ana Drainage Basin.
7.4.6 The development and maintenance of a water demand model requires
both current and accurate data about the driving parameters
which, in California are land use and population. Charges in
long-term living habits are expressed visually by changes in land
use. These changes are most discernable by means of aerial
photography. Hence a unique opportunity is provided for NASA
test platforms, such as the U-2 aircraft, to display their ability
to provide data for solving long-term water resource problems.
The following 4 phases are currently entailed in this part of the
work being done by the Riverside group:
a. Analysis of imagery to obtain a meaningful classifica-
tion. (Four date, high altitude aircraft CIR.imagery,
has been adequate to classify all of the land use in
the Santa Ana River Drainage Basin to at least the 	 t
second level of detail, a level adequate for a water
demand model that employs land use as the driving
parameter.)	
{
b. Statistical compilation of ]and use acreage. (The
most important application of U.C. Riverside's land
use mapping for water demand studies is in the	 t
_. i
compilation of acreage statistics.	 Once a polygon
delimiting an area of some specific land use has had
its vertices identified and encoded into machine-
readable form, it becomes a simple, almost
instantaneous, calculation to determine the acreage
of the polygon.
	
Summaries by land use type, hydrologic
sub-unit or any other pre-defined sub-division are
obtainable in less than one minute of computer time
'
using an IBM 360-50),
c.	 Editing and updating.	 (In order to facilitate the
mapping of land use change in the Upper Santa Ana
' Basin, objectives and procedures have been formulated.
The objectives were devised to insure that:	 1)
current and reliable land use maps are produced
Quickly; 2) the land use succession can be detected
'r and measured and; 3) the operational procedures and
land use classification system are compatible with
the land use information system.)	 The original
=F land use map and the digital land use outline file
are readily available for each quad sheet as a result
of effort prior to updating. 	 As recent imagery
suitable for updating purposes is acquired, a mylar
outline of the original land use is produced by the
computer at the same scal y as the imagery. 	 Land use
change is compiled directly upon the mylar overlay
which has the original survey plotted on it.	 The land
use outline is then interpreted for change. 	 This
procedure of drafting updated information upon the
?a original map requires less production time and reduces
the possibility of error during the transferring of data.
d.	 The making of preliminary cost-benefit estimates.
In this phase of the work it was found that:
k: 1. initial map preparation and conversion to machine
code requires about .3 man hours per polygon (an	 ....
,
average map in this study has 190 polygons) or
approximately 25 hours per map.	 Average plotting and
computer processing costs amount to about $140 per
1 map.	 It is felt that these figures represent the
-! same time/cost factor as that required for manual
land use data compilation.	 The figures do not include
data gathering, where remote sensing far exceeds ground
r.
survey methods in efficiency.
2. Cost-benefits begin to apply when (once in machine
form) the data are analyzed, cross correlated with
1 other data, used to produce statistics such as
acreages or population densities, and/or used to
produce maps with various scales and shadings.	 For
example, acreage calculations are essentially t1cost-
a
free" at this point.
t;
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3. Cost-benefits are likely to be greatly increased
when updating and editing procedures are performed.
Preliminary studies indicate that approximately 20
man-hours will provide machine input data for a map
update where normal manual updating procedures are
likely to require upwards of 200 hours.
	
For this one
study area alone such savings should be multiplied by
30 maps, giving a total savings of 5400 man hours. .^
4. The interest by the California Department of Water r
Resources, (DWR), was not only in our study of the
machine-assisted processes, but also in determining
what is the relative cost in hardware to place each
district into operation on a machine--assisted basis.
The minimum starting cost for hardware was found to
be $15,000.
7.4.7	 Population studies related to water demand were made by U.C. Riverside's
remote sensing scientists during the present reporting period. 	 These
were of importance because, for estimating present water- consumption,
DWR utilizes population data and water delivery data for service
districts to arrive at a per capita water use statistic. 	 Over time,
these statistics yield water consumption trends which may then be
used to extrapolate future water demand. 	 This technique cannot be
applied to agricultural water use because population has no relevance.
For purposes of urban water demand estimation, however, this
procedure is proving quite useful, even though it has limitations wa
for some planning purposes because of the aggregated nature of the
data.
=r i.'
a. One aspect of this study addressed the need to analyze water
t;
use on a per capita basis. 	 It employed a combination of
data from the decennial census and high-altitude color
infrared imagery.
	
At least one value of this combination of
data is the amplification of its geographic component. 	 For
example, it is be useful to show not only the extent of each
census tract, and its population aggregate, but the actual ^`^ 	 J
area within each census tract that is occupied by various
forms of land use.	 The use of high speed computers and
readily available software, coupled with remotely sensed land
use patterns, allows rapid and accurate calculation of land
area used versus land not used. 	 In addition, the enumeration r^
of areas occupied by any of several land uses can be
accomplished efficiently and may be delivered in a per
capita format. r
^J
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b.	 Population density was calulated by using a combination of
census data and imagery for a sample portion of the Santa
Ana River Drainage Basin.
	
The sample study involved the
`# interpretatio*n of the areas of residential land use from
high altitude CIR imagery.	 The residential pattern for
each census tract was then converted into a computer-
compatible format by digitizing the polygon boundaries for
residential and non--residential areas for the entire study
r area.	 An automated mapping program was then used to
produce both the map and the area calculations for each
census tract, and for eacl, continguous residential area
within that tract.	 The residential area was then used
instead of the census tract area to calculate residential
M r. population density within that census tract.
	 The advantage
gained is that the actual areal location of water demand
is now known .	 The locational per capita data can be updated
periodically by comparison of the mapped patterns with more
=	 `u recent imagery to check for changes in the residential
pattern.	 Then, by applying density figures to changed areas,
a new population estimate can be made. 
C.	 The unique element of this procedure is that it is sensitive
to population migration.	 In areas of doubt, ground truth
is required to determine the exact nature of the residential
a, change.	 Citrus was chosen because of its regionally
significant consumption of land and water resources.
w^ Temporal and spatial trend analysis of the citrus crop commenced
with the establishment of a base time period and a recent time
-• period in which changes could be detected.
	
The time between the
surveys needed to be long enough to reflect the urban growth
influence on a permanent crop.
	 Black-and-white photo mosaics
of portions of Riverside (1959) and San Bernardino (1961) Counties
provided a base period at the time when urban sprawl was
^- beginning.	 NASA U-2 imagery at a scale of 1:130,000, flown on
two dates (October 16 and December 10, 1974) was used for a survey
` of the present pattern. 	 Areas of citrus were outlined on reference
maps made from USGS 15 1 Quadrangles.	 Maps of the two time periods
were then combined, digitized and processed to obtain area statistics
and establish a locational base for future investigations. 	 The
I' Ontario-Pomona area contains much urban fringe
	
and (as presumed)
the map reveals a decrease.	 This.decrease amounts to 8303 acres
(3360 hectares) between 1959 and 1974. 	 This procedure is presentlyTY
v_
ii
being carried out for all other relevant areas of the entire basin.
..p
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tt	 7.4.8 Still another aspect of the U.C. Riverside remote sensing work
entailed estimation of the inactive field period.. The presence or
absence of irrigated agriculture in a particular region represents
information which is very important in DWR water demand estimation
models. In Southern California, multiple cropping practices
give rise to a condition in which the use of a single sample to
estimate irrigated agricultural lands may lead to an erroneous
estimate. Remote sensing, with its rapid inventorying and
synoptic sampling capabilities, enables the use of multiple samples.
If these aerial samples are taken at selected times throughout the
year, a more accurate determination of the average requirement
for irrigation water is made possible.
Research i,volvi.ng estimation of inactive fields is being directed
toward: a) defining the most appropriate time of year for
overflights; and b) defining and evaluating interpretive
signatures for high altitude and satellite imagery.
7.4.9	 In our Annual Report of MaY; 1975 we proposed that a portion of our
research this year would consist of studies by the U.C. Riverside
remote sensing scientists involving the coastal area of southern
California. This was approved and two areas of study have evolved
from this proposal: a) studies relating to environmental impacts
of human activity within the coastal zone, and b) studies relating
to the physical features of the coastal zone which are being
modified by human interference with the natural processes. The
primary objective of the proposed research in the coastal areas
has been to seek out problems of concern to public agencies and
then to determine the extent to which remote sensing can provide
data that will assist in the solution of such problems.
One aspect of these studies entailed our determining the extent
to which remote sensing facilitates the analysis of traffic
congestion resulting from recreational activity in an intensively
used area. This phase of our study used as a teat site the Malibu
corridor.
A second aspect of these studies dealing with coastal processes,
is just in the planning phases. A minor study is concerned with
the morphology of beach cusps and adresses part of the major 	 -^
t problem of beach sand erosion. Two primary objectives of a related
U.C. Riverside remote sensing study on the role of storage, dawning
control and use of local and imported water are (1) to determine
the impacts that diminish coastal lagoons and (2) to evaluate the 	 {
far reaching environmental effects. Any truly integrated remote 	 --
sensing study of California's water resources should not overlook
these important considerations. Findings of this recently initiated
work will be reported in our May, 1976 progress report.
7.4.10	 A study was made by the U.C. Riverside remote sensing Scientists
in an effort to determine what problems are associated with
-' traffic and also with recreational use in the Malibu corridor.
The established usefulness of U-°2 imagery for land-use based
studies initiated an investigation into the suitability of this
imagery as an aid in the development of a simulation model for
the analysis of activity change in a coastal area.	 The purpose
that was envisaged for this model is twofold.	 First, by selection
of appropriate data retrievable from theimagery, a parameterized
coastal interaction zone might be developed. 	 It is proposed that
u this model include (but not necessarily be restricted to) land
use aspects associated with areas devoted, respectively, to
housing, commercial and industrial use, transportation, and
recreation.	 Secondly, from the land use data, analysis of sub-
sequent imagery, and other data sources, proposed activity changes
(e.g. specific land use, transportation corridors, recreation
facilities) might be analyzed to project possible impact within-
the established coastal interaction zone.
i
A high degree of interest in this phase of the U.C. Riverside
L	 remote sensing--based work was exhibited by each of the following
agencies, all of whom are concerned with traffic congestion in
the Malibu area: the California State Department of Transportation
A	 (Caltrans); the Southern California Association of Governments(SCAG); the Los Angeles County Department of Roads; the City of
Los Angeles Planning Department; and the City of Santa Monica
i	 Planning Department.
In conjunction with this study, efforts have been directed by
our UCR remote sensing scientists to beach use (available recreation
area capacity as opposed to actual use) and correlated parking
facility availability. The general approach entailed in our
efforts to maximize the usefulness of remote sensing in connection
with this Malibu Corridor Traffic and Recreational Use Study is
W °	 as follows:
a. establishment of individual beach morphology
b. establishment of parking availability for each of
the defined beach areas
c. establishment of the number of beach users for particular
beaches
m*	 d. relation of observed densities to availabil,i.".y of fa, A.lities,
pro ximi j to h-_avily populated residential areas, a. -Ad
perceived area traifi.c congestion problems.
'i''i
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f7.5.0 As documented in Chapter 5 of this progress report, the Social
Sciences Group that is participating in this integrated study
has established good working relationships with the California
Department of Water Resources, the State Water Control Board, and
the various federal agencies that are involved in 'California
water management. In fact, members of the Social Sciences
Group have been permitted to sit in on key meetings so as to
observe at first hand how issues are addressed and. plans assessed.
Officials of the various agencies, departments, and divisions 	 Y}
have given generously of their time for personal interviews and
have supplied our group with data, records, and other valuable
source material. This high level of cooperation comes about because
of the express interest on the part of the State in helping us
	
i
gain a broader and deeper comprehension of their concerns so that
ultimately our research effort will be available and useful to
them.
	
7.5.1	 The first section of Chapter 5 reviews the Department of Water
	 -
Resources' new water action plan. The second section ^f the report
considers the functional relationships between water and other
basic resources---land, energy, and the like. A related part of
this second section deals with the jurisdictional relationships
among the various agencies responsible for resource management at the
	 -
state level and those existing between State and Federal levels.
It is at this point that there occur some of the most difficult
and perplexing problems besetting the management of water. There
follows a section which is devoted to the ways in which environmental
impact is assessed.
	
7.5.2	 An important element with respect to the future management of
California's water resources was the recent publication by DWR
	 a
of a revised "Water Action Plan". Suggested in that plan are j
improved agricultural practices, modernization of water distribution
systems, revision of building codes, analyses of industrial and
agricultural water uses, and effects of pricing on water use.
Ultimately, there will emerge from this effort identification of
possible methods of water conservation, with an assessment of the
pro's and con's of each, specification of locations, typical and
general, of potential applications, calculations of possible savings
in water, and estimation of likely means, costs, and impacts of
implementation. Included in the lattex ca.fegdry are effects on 	 1
local water demand and supply, water quality, waste disposal., the
environment, and the economy.
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7.5.3 It is anticipated that the management of California's watee
resources soon will be modified in the light of various
considerations that are of both sucio-economic and technological
significance. As examples of the typically socio-economic, we
find reference to land-use planning,.water pricing practices,
social impacts of water and energy conservation measures, and the
jossible reduction in water demand brought about through change in
crop patterns. In addition, increased attention soon will be
g'.ven to recommendations regarding environmental protection, fish
and wildlife preservation, recreation requirements, and water
quality standards and also to the risks of dry year recurrence.
7.5.4
	
Our Social Sciences group notes that, in the East Side San Joaquin
Valley, the mining of ground water, with the consequent lowering
of water tables and rising of pumping costs and energy consumption,
is a major concern. Because of consolidation of aquifers and
increased concentration of salts in lower water volumes, land
subsidence is a severe threat there. In view of the current and
increasing overdrafting of ground water supplies, various alternative
plans will be considered including the importation of water via
canals and the employment of more stringent conservation efforts.
These will be appraised, there having been taken into account a
revised scenario for water requirements as limited supplies and
environmental, social, and economic desiderata are realistically
evaluated.
R .5.5	 Drainage problemsi as reported by our Social Sciences group, are
especially prevalent in the West Side San Joaquin Valley, where
disposal of agricultural waste waters is a central concern. Due
to soil conditions, saline return flows are trapped near the
ground surface and ultimately could so reduce potential for the
growing of healthy agricultural crops that this area of fertile
farmland could be ruined.
7.5.6	 The South Bay-Central Coast Area faces realistic reassessment
of its supply and demand situation. At present relying on ground
water with some importation, the region may need to re-examine
earlier projections as to population growth and agricultural
expansion. Here, as in other districts, quantities and timing of
need for water deliveries might . be
 found to be sensitive and
responsive to revised water pricing policies and more determined
conservation and reuse measures.
7.5.7
	
Maldistribution, poor quality of local surface water, and
deterioration of ground water quality are problems high on the
agenda of the Southerr4 District (San Luis Obispo and Santa Barbara
Counties). One of the basic questions raised in this as in the
other areas has to do with the economic, social and environmental
implications of not meeting water demands as projected earlier.
tJ
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7.5.8 As reported by our Social Sciences group the South Coastal.Area
is probably supplied with sufficient water until the year 2000
but if recent population and industrial development forecasts
are reliable that area could benefit even now from better water
management practices, e.g.,. greater utilization of reclaimed water,
more effective use of ground water, water exchanges, and reduction
in demand through conservation.
7.5.9 The DWR is inquiring into policies and operational theory
underlying the State's two major water systems, viz., the State
Water Project and the Central Valley Project. In coordination
with studies being conducted by the Bureau of Reclamation, the
DWR specifically plans;
a. to develop estimates of water yield;
b. to locate additional water exchange possibilities
between project systems;
c. to devise methods for more utilization of ground
water when surface water supplies are deficient;
d. to run various sensitivity analyses to ascertain
physical opportunities and socio-economic and
environmental effects of changing project operational
criteria with different balances among project
purposes, the objective being an enhancement of
instream water values; and
e. to calculate the degree of risk associated with
modifying traditional deficiency norms for project
operation during critical dry periods.
7.5.10 It is probable, according to analyses made by our Social Science
group, that the two most pressing water management problems in
the state of California are:
a. the Peripheral Carnal and other ways of meeting water
Tpquirements for the Delta and other areas, and
b. definition of the need for, and taming of,
supplemental yield facilities for the State Water
Project.
7.5.11 Aspects -of water management that have continued to be the focus
of research by the Social Sciences Group since the inception of
the University of California Remote Sensing Project are:
a. the functional relationship between water and
other resources;
b. water as a factor in and as affected by growth and	 -.F
development in the society;
c. jurisdictional and bureaucratic relationships and
the way in which they impinge on water management;
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d. water in its relationship to the total environment
and as assessed through environmental impact studi es.;
Tand
e, decisions regarding water and the processes by which
public participation i.9 invoked.
s 7.5.12	 A major part of Chapter 5 of this Progress Report deals,with water
management interrelationships, with special emphasis on how DWR
concerns relate to those of other resource management agencies.
L In this part of its report, the Social Sciences group attempts to
delineate some of the main functional and jurisdictional areas
that affect water management decision-making in California.
L ^.
- In this, as in other sections, the point is made that the DWR appears
to be shifting emphasis from a posture of resource developer
to that of resource manager. This metamorphosis has significant
implications for an information-rich technology like rem nte sensing.
r Although both development and management functions r,Kui7.c informa-
tion regarding costs, environmental impacts, and so forth, the
management function, in particular, requires information of a
continuous and periodic nature for monitoring the performance of a
resource management system. 	 Accurate and timely monitoring becomes
y all the more important when one is trying to stretch a given
resource ovar more users (e.g. water conservation), or to measure
negative side effects of stretching that resource too far
-_! pollution, salt water intrusion, subsidence).	 Satellite remote
sensing technology, in combination with airborne and ground-based
;' sensors, is already capable of augmenting substantially the
} repetitive information needed to monitor and manage many aspects of
California's water and water-related resources.
{ 7.5.13	 According to our Social Sciences group, water resource management
J in California is bs--ing profoundly influenced by major changes in
the larger social environment.	 The orientation toward growth and
r;
expansion of water resource facilities 	 prevalent in the 1940's and
1950 1 s, appears to be undergoing modification as the result of new
perceptions developed in the 1960's and 1970 1 s.	 At least three
such major changes seem identifiable:
a.	 an awareness of new publics;
b,	 an awareness of negative environmental side effects;
c.	 an awareness of resource constraints. .
7.5.14
	 In Chapter 5 a substantive discussion is given of water management
-; interrelationships within three resource areas: water, energy, and
land.	 Recent changes referred to in the preceding paragraph are
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being translated into policy.
7.5.15 A final major section of Chapter 5 deals with environmental
assessment in relation to public participation. Central to that
analysis is the National Environmental Protection Act of 1969 (NEPA).
Its primary purpose is to encourage full disclosure of the
environmental consequences of proposed major federal actions, thus
alerting the government and public to the environmental risks
involved. NEPA spawned and is still spawning a host of offspring
in state and local governments across the nation. The California
Environmuatal Quality Act (CEQA), enacted in 1970, is the oldest
and one of the most extensive of the state programs. As a result
of these legislative measures, decisions of many types, and
particularly those involving the use of scarce resources, are being
subjected to more comprehensive forms of evaluation. Environmental
impact reports, for example, appear to be expanding to resemble
more closely technological assessment studies. Cynical observers
might attribute this trend to obstructionist tactics of environmental
zealots or o the newly-vested interests of EIR consultatants.
Yet one should be cautious about allowing too narrow an interpre-
tation_of events to obscure what otherwise might actually be ,a
genuine cultural reorientation in phh Zosophy toward 'he'environment.
Distinguishing clear signals amid the social noise is seldom an
easy task,.accordi.ng to our social scientists.
7.5.16 Our Social Sciences group asserts that technology assessment
methodology itself has undergone considerable change and contro-
versy as it has evolved over the last decade and cites much evidence
to support this assertion.
7.5.17 As our Social Scientists seek to map the social landscape they also
report that they perceive
a. A growing appreciation of the interrelated nature of
public policy issues. (Local and national problems
concerning energy, diminishing resources, and pollution.
of air, water, and soil intertwine with global crises
concerning armaments, food, population, and capital
formation.)
b. A shift involving disenchantment with traditional quan-
tifications. ("Unhappy clashes with aroused groups of
ecologists have proved that when a dam is being proposed,
kingfishers may have as much political clout as kilowatts".)
c, A growing reali , ;ation that search for a single method for
carrying out assessments has been misguided. ('There is no
general method, methodology, or technique yet developed
for conducting a technology assessment.")
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7.5.18 There is an increasing desire to ensure that the..e is adequate
"public participation" as a continuous two-way communication
process designed to: (1) promote full public understanding, (2)
keep the public fully informed, and (3) actively to solicit
r,
opinions, perceptions, and needs from all concerned citizens.
7.5.19 Our Social Sciences group reports that a recent review of public
participation in 45 water resources projects showed that the public
hearing was by far the most frequently used technique for involving
the public in decision making processes. Other approaches
included task forces, committees, advisory boards, workshops,
newsletters, surveys, and various combinations of these techniques.
Although some of these methods encourage greater public involvement,
they usually mean: a corresponding increase in agency time, money,
and personnel costs. In addition, experimentation with different
participation processes is often inhibited by legal requirements
ii	 that public hearings be held.
r,	 7.5.20 Limitations of the public hearing process are well known. They
include notification of the hearing's time and place, domination of
the proceedings by vested interests and agency experts, limited
oppor'.unity for informed involvement by interested individuals,
and public apathy. The p2:vblem of encouraging meaningful involve-
mentoften splits into two subproblems: first, how to arouse
citizen concern, and second, how to organize that concern.
7.5.21 Observation over the past year of numerous public hearings---mostly
related to water resources agencies--has prompted our Social
Sciences group to conclude that California agencies are not exempt
from the usual set of difficulties that afflict public participa-
tion processes. In addition to the foregoing limitations, there
_	 is a tendency for the hearing publics to polarize into two camps
consisting of "land users" (those who control the land f. or agricul-
tune, industry, or developmeixt purposes) and "non-land users"
(those who exercise little or no direct control over the land).
Nationally, the ratio between non-land users and land users has been
estimated at 9 to 1. The non-land user group has tended to become
the one which ini JtlaLlcd the request for land-use planning and
regulation, while the land user group is often identified as trying
to channel efforts away from planning and regulation into progr uns
-y
	incorporating economic incentive.
7.5.22 In summarizing its observations with respect to water resource
management in California, our Social Sciences group asserts that
it perceives three significant recent developments:
n^
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a. a changing emphasis from resource development to
resource management;
b. an increasing emphasis on comprehensiveness in water
resources planning, including.
(1) an attempt to increase meaningful public participation;
(2) an attempt to relate to other functional areas;
(3)an attempt to integrate more effectively with other
jurisdictional areas, and;
c. a growing appreciation of the need for anticipating
and assessing the environmental effects of new projects
programs, and policies, coupled with a growing awareness
of the inherent limitations of environmental assess-
ment studies.
7.5.23 As the Social Science group continues to review the various
methodologies for technology assessment and environmental impact,
it plans to continue exploration of the activities and decision
processes that interface with water resources management. This
sort of peripheral vision is essential if we are to discover and
assess how remote sensing technology can be employed to enhance
the decision environments of resource management agencies. One thing
is clear: it is combinations of users, uses, and data sources
that will produce many of the future remote sensing applications.
Hopefully, the group will be able to include testimony by the
users themselves regarding the application of remote sensing
technology to their decision processes because, in the final analysis,
it is the quality of resource management decisions, and their
societal consequences, that all of us who are engaged in this
integrated study are interested in improving.
7.6.1 One of the special studies appearing in Chapter 6 of this progress
report describes: the work done b; two partic1pants in this
integrated study, Coulson and Walraven of the Davis campus, in
developing a video polarizer for remote sensing of earth resources.
7.6.2 Their video polarizer system consists of a three-vidicon television
array in combination with appropr,:ate signal processing electronics
and a color television monitor. Its primary use is for sensing
and displaying the intensity and polarization information in
natural landscape scenes. As demonstrated by the two photographs
accompanying this special study, differences in both hue and
saturation .:an be seen through the use of this equipment.
7.6.3 It is anticipated that this, or a similar system will be a valuable
aid in discriminating among various types-of surfaces in future
remote sensing studies of earth resources. for instance, it is
^Y
known that various types of agricultural crops and wildland
vegetation types have different polarization characteristics and
that the polarization of light reflected from a given bare soil
is a function of the amount of surface moisture which that soil
contains. The present system has the capability of capitalizing
on these characteristics.
7.6.4 Another special study appearing in Chapter 6, prepared by Algazi
and Suk, considers the frequency weighted least-squ^r-e design of
finite duration filters, in one and two dimensions, both continuous
and discrete. Khile this work was supported in part by our NASA
Grant, some support for it also was provided by Algazi's NSF
Grant.
7.6.5 The potential significance of this work, as discussed in Chapter 6,
lies in its usefulness in designing a series of filters, each of
which is optimum for discriminating some particular resource
feature from all . others with which it commonly is confused. The
technique developed by these two investigators is different from)
and in certain respects decidedly superior to, techniques developed
previously by other investigators who had essentially the same
objectives in mind.
7.7.0 In light of the work done during the present reporting period, as
=>	 summarized here in Chapter 7, our Progress Report concludes with
Chapter 8, in which we present a statement of the work which the
various participants in our integrated study propose to perform
during the period May 1, 1976--April. 30, 1977.
7.8.0 The proposal contained in Chapter 8 is based on three important
considerations:
a. that, by April 30, 1977 our group will have brought to a
wu	 satisfactory state of completion essentially all of the
additional work which it considers necessary and appropriate
for the group to perform under the grant on water resources;
b. that during the coming year, consistent with the above,
major emphasis will be placed on our preparing a"Procedural
Manual" which will set forth in clear, step-wise fashion,
the procedure that should be followed in collecting,
analyzing, storing, retrieving, and using remote sensing
data, the better to satisfy the informational requiremepts
of those who manage water resources, and;
c. that essentially the same team of co-investigators, campus-
by-campus, will be involved in this work with one notable
exception: Dr. Coulson, et al , in conformity with long
term plans that were agreed upon three years ago, will no
-	 longer be formally participating in our grant-funded work
even though it is mutually recognized that much of his
future work is likely to have great potential applicability
to the use of remote sensing as an aid in the inventory and
management of California's earth resources complex.
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CHAPTER 8
Proposal for Work to be Performed during the Period
May 1, 1976-April 30, 1977
INTRODUCTORY NOTE:
As requested, briefings were presented to the NASA monitors of this grant
on May 15 -16'and again on September 23-24, 1975. The briefings placed emphasis
on (1) work recently performed and (2) work proposed for the funding period
May 1, 1976 - April 30, 1977. As a result of those briefings the following
agreement was reached between the NASA monitors and the participating U.C.
scientists, subject to approval by authorities at NASA Headquarters in both
the Office of Applications and the Office of University Affairs:
The primary objective of work that is to be performed during the funding
period May 1, 1976 - April 30, 1977 is to bring to a satisfactory state of
completion those studies dealing with the applications of remote sensing to
California's water resources. More specifically, by the end of that period,
investigations by U.C. scientists will have been completed relative to the
usefulness of remote sensing-derived data as input to certain water-related
forecasting models, viz. the models currently being used in California to
forecast water supply and water deman
In arriving at this agreement, the NASA monitors and the U.C. scientists
acknowledged that full scale operational tests still would remain to be
performed in order to establish the cost-effectiveness of these supply and
demand models. However, it was agreed that the burden of performing such tests
would need to be borne after April 30, 1977, primarily by personnel of
California's various water resource management agencies such as the California
Department of Water Resources, the Kern County Water Agency and the Los Angeles
Metropolitan Water District, with only limited involvement by U.C. scientists.
The parties to this agreement also acknowledged that despite the foregoing,
even after April 30, 1977, some continuing but limited participation by U.C.'s
remote sensing scientists probably would be called for relative to another
aspect of model development applicable to California's water resources, viz.
the development of more sophisticated models. Such continued participation
would be in keeping with earlier proposals which had consistently acknowledged
the probability that more nearly optimum (and more sophisticated) models for
forecasting water supply and demand eventually could be developed, but only
after California's various water resource management agencies had gone through
This grant is entitled "An Integrated Study of Earth Resources in the
State of California Using Remote Sensing Techniques".
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the interim process of accepting the remote sensing-based modifications of
their existing models. Realization of this fact had prompted the conclusion
that the more nearly optimum models would be slower in evolving. Furthermore,
by their maximizing the usefulness of remote sensing--derived data, such
sophisticated models probably would be quite different in format than any
existing models. Consequently it was recognized that, in the interest of
providing the necessary expertise and continuity, a limited amount of
additional work leading to the development of such models would need to be
conducted by the U.C. remote sensing team even after April 30, 1977, as
previously advocated. The milestone charts comprising Figures 1, 2, and 3 are in
keeping with this concept.
In addition, in the course of the previously-mentioned briefings the
following agreements were reached, which likewise were recognized as being
subject to approval by authorities at NASA Headquarters:
(1) For two reasons, work being done under the grant by Professor Coulson,
et al, at the Davis campus would be terminated as of April 30, 1976:
(a) by that date his investigations on atmospheric effects in image
transfer and also his wort: in developing a video polarizes
system will have been successfully completed, and
(b) by that date the California Energy Commission almost certainly
will have seen fit to fund at a suitably high level numerous
practical applications for the work which Coulson et al have
done to date (under the grant) on albedo of the earth's surface
and on related solar energy phenomena. (Consistent with that
prediction, U.C. has just been funded by that Commission in the
amount of $80,000 to permit Coulson to perform the initial
phases of such practically-oriented work.)
(2) Continuing efforts would be made by all other members of our U.C. team
to obtain substantial support for developing practical applications of our
findings to date under the grant. (At the time of this writing, it appears
quite polzahle that the California Energy Commission, primarily because
of its interest in the energy relationships of water, will fund collectively,
the Berkeley, Santa Barbara, and Riverside components of our team in the
amount of $100,000 to $200,000 next year, provided that "matching funds"
from NASA for the conduct of related basic research will be provided through
renewal of our grant.)
(3) During the period May 1, 1976 - April 30, 1977, the U.C. team
would, in addition to the above, investigate the extent to which
decisions made relative to the management of California water resources
might be altered when viewed in a larger framework. The concept
which prompted this recommendation was identical with that which, at
the time when our study was being initiated in 1970, had prompted
the NASA funders and the U.G. scientists to agree that it should bear
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the following broad title: "An Integrated Study of Earth Resources in the
State of California, Using Remote Sensing Techniques". Specifically, decisions
which appear to be optimum when one considers only the management of water_
resources, may be revealed as being unsatisfactory when one considers the
consequences of such decisions in terms of the entire "resource complex",
including the timber, forage, soils, minerals and recreational potential of
areas affected by the decision.
All of the foregoing considerations are reflected in the brief statement
which follows relative to work which our University of California scientists
propose to perform during the period May 1, 1976 to April 30, 1977 under the
NASA Grant. 'That statement and the associated Figures should be compared
with two earlier statements in order to document the fact that, from the outset,
our integrated study has proceeded in very close conformity with a master
plan as set forth in (1) the initial proposal which led to the funding of our
integrated study on May 1, 1970, and (2) the revised proposal, dated September 30,
1973, which led to the emphasis that has since been placed on remote sensing
as an aid to the management of California's water resources.
SPECIFIC ACTIVITIES PROPOSED FOR THE FUNDING PERIOD MAY 1, 1976-A2ril 30, 1977
A. WATER SUPPLY STUDIES
Under our NASA grant, the Remote Sensing Research Program (Berkeley), the
Algazi Group (Davis) and the Hoos Social Sciences Group (Berkeley)
continue to be involved in studies on the usefulness of remote sensing in
forecasting and monitoring water supply in selected watersheds of
northern California. Continuing analysis of hydrologic model structure,
inputs and performance is being conducted by the former two groups.
Performance is being documented with respect to "conventional" and to
"conventional-plus-remote sensing" data inputs. Both the Remote Sensing
Research Program (RSRP) and the Hoos Group are quantifying costs and
benefits associated with current and potential remote sensing-aided hydro-
logical model applications.
This work is set in perspective by a'continuing analysis of the California
Water Project as a system from the standpoint of both physical and
economic phenomena. It is apparent from the current analysis of future
product importance in the California Water Project, that issues other than
water quantity, such as water quality and power generation, will become
increasingly significant. The water supply investigating groups funded
under the present grant propose to investigate, during the period
May 1, 1976 - April 30, 1977, the feasibility of using remote sensing
techniques in the measurement and analysis of these other water-related
parameters.
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The RSRP, Algazi, and Hoos groups are conducting remote sensing water supply
application studies in an integrated manner. Figure 1 gives the time
schedule by subtask for this effort. It should be noted with reference
to this figure that studies documenting remote sensing's potential economic
impact are now significantly under way.
1. The Algazi Group - (Davis Campus)
By means of continued interaction with personnel of California's
Department of Water Resources, on the one hand, and with the RSRP and Hoos
groups at Berkeley, on the other, members of the Algazi group propose to
engage in the following specific activities.
(a) Continued Water Model Definition and Performance Documentation
One of the objectives of this work is to verify that the model used
or being developed closely simulates the watershed, itself, so that
meaningful sensitivity tests can be conducted and evaluated. Emphasis
will be placed on the use of remote sensing to measure parameters that
will permit a more accurate determination of (1) the maximum water
	
Y
holding rapacity of each portion of a given watershed and (2) the water
conten actually present in each such portion at any given time. Through
the rperation of the hydrologic model, these quantities in turn
determine the runoff of the watershed. Model parameters being evaluated
include precipitation, evapotranspiration, upper and lower zone water
holding capacity, upper and lower zone free water, and upper and lower
zone tension water.
(b) Sensitivity Analysis of Critical Parameters
Emphasis will be placed on determining the percentage change in
performance indices based on daily volumetric runoff with a given
percentage change in one or more of the above-mentioned parameters,
watershed-by-watershed.
(c) Continued Development and Testing of Remote Sensing Techniques
This work divides into two parts. The first part, performed in
close cooperation with personnel of the RSRP, is a study and simulation
of hydrologic.parameters, such as evapotranspiration demand, acquired
by remote sensing, on the operational use of the hydrologic models by
the Sacramento River Forecast Center. This work is detailed in section
2 which follows. The second part of the work is the development of
techniques for the forecast of snowmelt using remote sensing data
obtained by the Landsat and NOAA satellites.
(d) Determining Cost of Information Gathering Using Remote Sensing
Techniques
Section 2 provides details relative to this point joint effort also.
2. The RSRP Group - (Berkeley Campus)
The continuing work of this group will include the development and
testing of cost-effective, remote sensing-aided procedures for quantifying snow
areal extent, snow water content, evapotranspiration (major world-wide
water loss mechanism), and watershed impervious surface area (important
in water runoff timing). The impact of each of these information components
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on water yield forecasting will be determined. In addition, a cost
Y,
	
	
analysis will be performed to determine what cost reductions in
water yield estimation can )e achieved through the use of these
remote sensing--aided techniques. Finally, a program of technology
transfer will be initiated to allow for the testing and possible
T	 incorporation of these techniques within the California Cooperative
u
	
	
Snow Surveys Program and in possible other organizations (e.g. the
Sacramento River Forecast Center).
Consistent with Figure 1, the specific tasks will entail:
(a) Continued Water Model Definition and Performance Documentation
as detailed in the preceding section.
(b) Sensitivity Analysis for Critical Parameters as detailed in
the preceding section
(c) Developing and Testing Remote Sensing Techniques
In this phase of the work both manual and automatic analysis
techniques will continue to be employed, as emphasized in
Figure 2.
(d) Determining Costs of Information Gathering Using Conventional
and Remote Sensing-Aided Methods (see f, below).
(e) Comparing Remote Sensing Techniques with Conventional ones
(see f, below)
(f) Analysing Cost-Benefit Inputs on Society Resulting fron Changes
in {mater Supply Information due to Application of Remote Sensing
Techniques.
These last 3 phases of the work (being done jointly with Hoos
et al) may entail further testing and refinment of ways in which
remote sensing can best be used.
	
This work will be required if
adequate responses are to be made to requests by users for
appropriate -technique modification to allow most efficient inter-
d.- facing with their current systems.
	
Such an effort will require
application of certain of these techniques to previously studied
i° watersheds, in order that our findings can be based on a larger
s (more dares) and more detailed data record. 	 It also will involve
application of these procedures to other watersheds to quantify
and control the water yield forecast performance expected in
different environments.	 In addition. an expanded follow-on program
-' of technology transfer will be necessary to ensure adoption of these
remote sensing-aided procedures by water supply forecasting organizations
Ideally, the further procedure refinement and technology transfer
programs would start during the May 1976 to April 1977 time frame, and
would be completed in following funding periods.
L^f
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.riod of Performance
Present Funding Year
	 Nex- Funding Year*
Work Item	 Investigators
	 M J J A S 0 N D J F M A M J J A S 0 N D.J F M A
1. Continued Water Model Definition
and Performance Documentat-ion
2. Sensitivity Analysis for Critical
Parameters in Water Supply Models
Algazi
RSRP
Algazi
-4.
3. Develop and Test Remote Sensing
Techniques
RSRP
Algazi
4. Determine Costs of Information-
Gathering Using Conventional and
Remote Sensing-Aided Methods
Roos
RSRP
Algazi ---
5. Compare Remote Sensing Techniques
with Conventional Ones.	 Draw
Conclusions Regarding Cost-
Effectiveness
Hoos
RSRP
6. Analyze Cost-Benefit Impact on
Society Resulting from Changes
in Water Supply Information Due
to Application of Remote Sensing
Techniques
Hoos
RSRP -
Figure 1. Chronological Plan for the Assessment of Water Supply by means of Remote Sensing.
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,. The Hoos Group - (Berkeley Campus)
Continuing activities of the Hoos Social Sciences Group are devoted
to an overriding objective: to discover how remote sensing information
can be used to enhance the decision environm L of resource management
operations. Toward this goal, the Hoos group endeavors to bridge the
gaps between the developers and the users of space technology. Close
integration of technical and social concerns is a key element in this
group's work, exemplified by the joint tasks shared with the remote sensing
groups at Berkeley and other campuses. With respect to wafer supply
issues, work of the Hoos group will include the following tasks:
(a) Analyze the Framework in which Water Supply Decisions are Made
and Implemented
Decisions provide the link between information about resources
and resource management action. Yet this link is often blurred by
a dynamic web of extraneous socio-economic and political influences,
The ?loos group plans to continue its efforts here to delineate
those changing social forces and information requirements that
impinge on decisions of water resource policy-makers and managers.
(b) Identify the Decision Points Most Amenable to Augmentation by
Remotely-Sensed Information
This phase of the proposed work is actually a "user-oriented"
technology assessment designed to discover those places where the
addition of less costly, more accurate, or more timely information is
likely to achieve the greatest improvements toward the accomplishment
of water resources management objectives. It involves determining
the costs of information-gathering under conventional -nd remote
sensing-aided methods as well as anticipating factors which might
influence receptivity toward new information sources.
(c) Evaluate the Potential Social Impacts Resulting from Changes in
Water Supply Information Due to Application of Remote Sensing
Tecn,nology
Here, the Hoos group's resource economist will examine the
assumptions, data, and intangibles commonly associated with evaluating
the utilization of remote sensing technology in the water resource
domain. The intenddd result is to penetrate beyond the superficially
"objective" brand of cost-benefit and cost-effectiveness analyses
that have characterized many past technology assessments and to
arrive at a more meaningful rationale and set of conclusions.
B. WATER DEMAND STUDIES
Under our NASA grant, the Geography Remote Sensing Unit (Santa Barbara)
the Bowden group (Riverside) and the Hoos group (Berkeley) continue to conduct
studies on the usefulness of remote sensing in forecasting and monitoring water
v^
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demand in selected areas of-southern California. Continuing analysis of
hydrologic  model structure, inputs, and performance is being conducted by
the first two of these three groups. Performance is being documented with
respect to both t °conventional" and "conventional-plus-remote sensing" data
inputs. All three groups, working in concert, are attempting to quantify
costs and benefits associated with current and potential remote sensing-aided
hydrological model applications. This work is set in perspective by a
continuing analysis of certain components of the California Water Project
'S	 insofar as they constitute parts of an overall system from the standpoint of
 both physical and economic phenomena.
The three groups are conducting their remote sensing water demand applica-
tions studies in an integrated manner. Figure 3 gives the time schedule
by subtask for this effort. The role which each of these groups would continue
to play with respect to each of these subtasks during the period May 1, 1976 -
April 30, 1977 is as described in the following sections:
1. The Geography Remote Sensing Research Unit - (Santa Barbara campus)
(a) Continued Water Supply Model Definition and Performance
Documentation
The primary model dealt with by the GRSU is the ground water model
which previously had been brought to a certain state of development
by the Kern County Water Agency (KCWA). It is proposed that a
modified version of this model, as currently being developed by the
GRSU-KCWA team, be adapted for computerization at the Santa
Barbara campus. Such a measure would greatly facilitate the making
of sensitivity analyses relative to the impact of remote sensing--
derived information upon water demand predictions.
(b) Sensitivity Analysis for Critical Parameters in Water Demand
Models
As with the water supply model, emphasis in this phase of the
proposed study would be placed on determining the percentage change
in a water demand estimate associated with a given percentage change
in one or more of the measurable parameters. Related to this is
work currently being done by GRSU relative to "expected information
content" (i.e. the anticipated errors resulting from their exclusion)
of several variables involved in water demand prediction. Each such
analysis is being verified by reference to empirically-derived data.
Much earlier in our integrated study, this work generally defined
croplands and crop type information as the two single most important
variables of concern in those lands of the San Joaquin Valley for which
the original KCWA model was developed.
CO
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Period of Performance
Present Funding Year	 Next Funding Year*	 r ---
75	 75 77
Work Item Investigators M J J A S 0 N D J F M A M J A S 0 N D J F M A
1.	 Continued Water Supply Model Riverside
Definition and Performance Santa Barbara
Documentation
2,	 Sensitivity Analysis for Critical Riverside
parameters in Water Demand Models Santa Barbara
Hoos
3,	 Develop and test remote Riverside
sensing techniques Santa Barbara
RSRP
4.	 Determine costs of information" Riverside
gathering using conventional and Santa Barbara
remote sensing-aided method
5.	 Compare remote sensing techniques Riverside
with conventional ones. Draw Santa Barbara
conclusions regarding cost- RSRP
effectiveness
G.	 Analyze Cost--benefit impact on Riverside
society resulting from changes Santa Brabara
in water demand information due
to application of remote sensing
techniques
(c) Develop and Test Remote Sensing Techniques
At present investigations by the GRSU are nearing completion
relative to remote sensing techniques best suited to (1) Cropland
Mapping; (2) Crop Identification; (3) Water Demand Prediction; (4)
Detection and Analysis of Salinity Areas; and (5) Detection and
Analysis of Perched Water Areas. The determination of parameters
that are critical to agriculturally oriented water demand models also
is essentially complete. Remote sensing techniques have now been
evaluated for most of the major model inputs that originally appeared
amenable to such methods. Specific procedures are still being refined,
however, in this phase of the work. Parallel to this, conventional
methods are being investigated, to facilitate cost-effective
comparisons with remote sensing techniques. It is anticipated that
all remaining aspects of this phase of the work could be-brought to a
satisfactory state of completion by about April, 1977, assuming that
funding would continue at the present level. Although not related
in any simple manner to water demand, perched water and associated
high soil salinity are major water resource considerations in the
San Joaquin Valley. We have investigated various techniques, both
manual and automated, for assessing soil salinity crop damage and
have found it an extremely complex problem. Results are encouraging,
however, and with the continued cooperation of several individuals and
organizations in Kern County we hope to further refine and verify our
procedures. The time frame for these efforts is very, closely tied to future
results and as such difficult to predict with any certainty.
Similarly, our perched water investigations are currently relying
upon receipt in the near future of thermal imagery; the results of
this mission will strongly dictate the need for any additional efforts.
(d) Determine Costs of	 tion-Gathering Using Conventional and
	
Remote Sensink-Aid
	
ds_ (See Section (e) below.)
(e) Compare Remote Sensing Techniques with Conventional Ones. Draw
Conclusions Regarding Cost-Effectiveness
This phase of our work, like the preceding one, necessitates
further testing and refining of ways in which remote sensing can best
be used as an aid to providing information relative to water demand
while at the same time providing efficient interfacing with current
systems.. Such an effort will require application of certain of these
techniques to areas analogous to our primary water demand test sites,
but in which-more detailed information about water demand (and over a
longer period of time) is available. Furthermore, since it is meaning-
less to consider the cost-effectiveness of a remote sensing-aided
system that may never by used, an expanded program of technology
transfer is envisaged for the period May 1, 1975 - April 30, 1977.
x
a
S
zi
8-11.
.i
This expanded  program will be accomplished primarily through our
continued involvement with such potential users as the California
Department'of dater Resources and the Kern County Water Agency.
(f) Analyze Cost-Benefit Impact on Society Resulting from Changes in 	 _-
Water Demand Information Due to Application of Remote Sensing 	 i
`acchniaues
the analysis of economic impacts likely to result from changes in
water demand information is proving difficult. Further information
relative to joint efforts involved in this task appear in the Hoos
section, following.
2. The Bowden Group (Riverside Campus)
(a) Continued Water a"upply Model Definition and Performance Documentation
In relation to the long-term water demands of the Upper Santa
Ana River Drainage Basin (which is the primary test site for the Bowden
Group) the most important drivers of the water demand model are those
involving agriculture. Three projects need completion and, irdeed,
can be completed during the period May 1, 1976 - April 30, 1977, pro-
vided that our present funding level under the grant is continued. These
are (1) monitoring vineyard abandonment, an important factor in
relation to water supply since vineyards require 2.1 acre-feet (.26
hectare-meters) of water per season and are fast giving way to airports,
motor speedways, steel plant slag piles, and other developments having
much different water demands; (2) monitoring the relocation of citrus
crops which are coming back into the area (now that new sources of water
e
are becoming	 w	 r'	 r 
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have a stabilized water demand different from that of most other crops;
and (3) determining the fallow season of irrigated fields (during
which no irrigation water is needed) thereby improving the estimate of
water demand for agricultural purposes, season-by-season, as
specifically requested by the California Department of Water Resources.
	
..h	 f
(b) Sensitivity Ana psis for Critical Parameters in Water Demand Models
Work under this task, as performed by the Bowden group. will continue
to parallel that of other participants under this integrated study, as
previously described. Specifically, for each of the critical parameters
that are applicable in the Upper Santa Ana River Drainage Basin a
determination will be made of the percentage change in water demand
associated with a given percentage change in the parameter, itself.
^g
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(c) Develop and Test Remote Sensing Techniques
As indicated in section (a), preceding, a significant amount of
work still must be done by the Bowden group in developing and testing
remote sensing techniques for monitoring vineyard abandonment, the
relocation of citrus crops, and the fallow season of irrigated fields,
all of	 are primary drivers with respect to the water demand model.
All of this additional work can be completed within the May 1, 1976
to April 30, 1977 time frame, providing that the present level of
grant funding is continued. In addition, work presently underway
relative to polygon overlay updating techniques, (based on remote-sensing-
derived information) can be completed ;luring that same time frame. To
employ these labor-saving techniques and achieve high orders of
accuracy, the remote-sensing-derived data, both qualitative and spatial,
in a land use information system are organized in such a way as to
facilitate machine analysis. Key to this process is a determination
of the x and y coordinates of each delineated polygon so that machine-
aided techniques can produce land use, or other, map overlays. The
same techniques can also provide periodic updates to these overlays and,
by providing new area calculations, can facilitate the analysis of
change in land use and in associated water demand, area-by-area.
(d) Determine Costs of Information-Gathering Using Conventional and
Remote Sensing-Aided Methods
(See Section (d) under the Hoos Group, which follows)
(e) Cop are Remote- Sensing Techniques with Conventional Ones. Draw
Conclusions Regarding Cost--Effectiveness
(See f, below.)
(f) Analyze Cost-Benefit Impact on Society Resulting from Changes in
Water Demand Information Due to Application of Remote Sensing
recnna uuees_.
Completion of this on-going work (including that under (e), above)
will entail further testing and refining of ways in which remote sensing
can best be used in providing water demand information. Much of tUs
work is being done in response to highly specific requests by the
California Department of Water Resources, the Los Angeles Metropolitan
Water District, and other important users of water demand information,
the better to ensure that any modifications proposed by our group will
permit efficient interfacing with their current systems. It is in
this respect that a parallel effort of technology transfer on the part
of the Bowden group will continue. As a result, it is anticipated that
(1) most of the tests remaining to be conducted under tasks (e) and (f)
can be completed by the Bowden group during the May 1, 1976 - April 30,
1977 time frame, and (2) such additional tests of a similar nature that
would need to be performed after that period would be funded and performed
primarily by the potential user agency, with only limited involvement by
U.C. scientists. Continuing involvement by the Hoos group, particularly
with respect to item (f), is envisaged, as described later.
3. The Hoos Group - (Berkeley Campus)
(a) Continued Water Demand Decision Framework l.and. Performance Documentation
Involvement by the Hoos group in this task would be as implied under 	 ,.
the same heading cf the preceding two sections which deal, respectively,
with the Geography Remote Sensing Unit (Santa Barbara Campus) and the	 w^.
Bowden group (Riverside Campus).
(b) Sensitivity Analysis for Critical Parameters in Water Demand Models
(The statement appearing under (a), above, is equally applicable here.)
(c) Evaluate the Potential Social Impacts Resulting from Changess in Water
Demand Information Due to Application of Remote Sensing Techniques
"The comments appearing in part 3(c) of section A, relative to
participation of the Hoos group in this type of study, are as applicable to
our water demand studies as in our water supply studies, i.e.: (1) a
major degree of integration in this overall "integrated" study is ensured
by such participation of the Hoos group in both the water supply and water
demand aspects of our study; and (2) as with the earlier phases of our
work, we consider that our leadership in the task listed here could
terminate by April 30, 1977 even though certain aspects of it might later
profitably be conducted under sponsorship of such using agencies as the
California Department of Water Resources, the Kern County Water Agency, and
the Los Angeles Metropolitan Water District, with only limited involvement
by University of California scientists.
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C. PREPARATION OF A PROCEDURAL MANUAL
_	 With a view to maximizing the prospect that large numbers of water resource
.:	 managers will soon be led to properly employ modern remote sensing techniques,
_
	
	 we propose to prepare a Procedural Manual for their use. This Manual will
set forth in clear, step-wise fashion, the procedure that should be followed
in collecting, analyzing, storing, retrieving, and using remote sensing data,
the better to satisfy the informational requirements of those who manage water
resources.
In successive sections of this manual a brief but succinct disclosure
will be made relative to each of the following topics as applied to the
inventory, monitoring and management of water resources:
(1) the proper use of multiband and multidate remote sensing data.
g	 (2) the design and implementation of multistage sampling techniques
(3) the design and use of remote sensing-aided models that will permit
more accurate and cost-effective forecasts to be made of water
supply and water demand, area-by-area, than has heretofore been
possible.
h_	
(4) the various means by which remote sensing-derived information on
water resources can be effectively displayed in order to facilitate
the comprehension and use of such information by those who manage
water resources.
(5) the cost, time and accuracy considerations that determine which of
several means and techniques should be employed in acquiring
information useful to the manager of water resources.
i .
(6) specific case studies suitably illustrated, and described in such
a way as to show the interplay and practical importance of the
foregoing considerations.
Conversations which we already have had with prospective users of such a
manual have led to enthusiastic responses and to the following significant
suggestion which they have conveyed to us: There is likely to be a need for
such a manual both in an a-breviated form and in a form which provides much
fuller treatment of each procedural step and which is more fully illustrated.
v.
	
	 We, therefore, propose to prepare both an abridged version and an unabridged
version of the Procedural Manual. In so doing, we will draw on all of the
experience we have gained to date both on our NASA-funded grant and on various
other remote sensing projects.
